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ANNOUNCEMENT 

'  The  Department  of  Defense  has  established  a  pol¬ 
icy  which  will  require  the  Shock  and  Vibration  Infor¬ 
mation  Center  to  make  a  charge  for  its  publications 
and  services.  Pending  a  determination  of  prices,  and 
methods  of  ordering  and  delivering  the  Center’s  pub¬ 
lications,  the  39th  Bulletin  is  being  distributed  without 
charge  as  in  the  past.  When  costs  and  procedures 
have  been  determined,  all  addressees  who  have  been 
receiving  the  Bulletin  will  be  advised  so  that  they  may 
make  arrangements  to  purchase  future  issues. 
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ELECTRICAL  GENERATION  OF  MOTION  IN  ELASTOMERS 


S.  Edelman,  S.  C.  Roth,  and  L.  R.  Grisham 
National  Bureau  of  Standards 
Washington,  D.  C. 


ABSTRACT 

Motion  occurring  in  response  to  an  applied  electrical  signal  was  studied  in  a 
number  of  elastomt-rs.  Motion  at  double  the  exciting  frequency  (electrostriction) 
was  common.  Linear  response  was  found  in  a  few  materials.  A  few  showed  linear 
response  in  their  original  condition.  Treatment  with  heat  and  intense  electric 
fields  caused  linear  response  to  nppear  or  to  increase  in  others.  Superposition 
of  a  d.c.  bias  on  the  driving  s'gnal  linearized  the  double  frequency  response  ’•nd 
increased  the  linear  response. 

KEY  WORDS:  Elastomers,  polymers,  electrets ,  piezoelectricity,  electrically  con¬ 
trolled  damping,  vibration  generation,  electrostriction. 


INTRODUCTION 

This  is  a  preliminary  report  on  a  new  in¬ 
vestigation  in  the  Instrumentation  Applications 
Section  of  the  National  Bureau  of  Standards. 

The  purpose  of  the  investigation  is  to  study 
those  effects  of  electrical  signals  on  the 
mechanical  properties  of  elastomers  which  could 
lead  to  engineering  applications. 

The  purpose  of  this  paper  is  call  atten¬ 
tion  to  the  potential  usefulness  of  this  field 
of  study.  Accordingly,  we  emphasize  results 
which  seem  promising  for  future  improvement  and 
application.  In  our  view,  the  important  finding 
of  the  exploratory  study  is  ihe  fact  that  some 
samples  could  be  excited  into  significant  motion 
electrically  and  that  the  response  of  some  of 
them  could  be  improved  by  treatment  and  elec¬ 
trical  bias.  It  is  less  important  that  the 
magnitudes  of  the  effects  observed  were  in  most 
cases  insignificant  or  ambiguous. 

The  fact  that  this  is  an  exploratory  study 
is  also  -"esponsible  for  the  qualitative  nature 
of  the  discussion.  The  equipment  and  techniques 
were  chosen  to  allow  a  rapid  but  shallow  survey. 
In  this  light,  too  much  reliance  should  not  be 
put  on  the  numerical  data  in  Table  X.  The 
measurements  were  reasonably  stable  when  made 
but  significant  changes  followed  small  changes 
in  operating  conditions. 

BACKGROUND 

This  investigation  was  suggested  by  experi¬ 
ence  during  development  of  a  set  of  piezo¬ 
electric  shakers  for  calibrating  vibration 


pickups  over  a  wide  frequency  range.1  In  this 
development,  it  was  found  possible  to  extend  the 
working  range  of  a  piezoelectric  shaker  by  using 
damping  materials  selectively  to  reduce  the 
sharpness  of  particular  resonances.  At  .fre¬ 
quencies  below  50  kHz,  butyl  rubber  was  used  for 
damping.  At  higher  frequencies  piezoelectric 
ceramics  were  found  to  be  more  suitable.  In 
addition  to  the  inherent  lossineso  of  the  ceram¬ 
ics,  it  was  found  that  their  usefulness  as 
damping  material  could  be  enhanced  by  exploit¬ 
ing  tbsir  piezoelectric  properties.  This  was 
done  by  connecting  the  electrodes  through  suit¬ 
able  impedances  or  by  applying  a  portion  of  the 
driving  signal  through  a  suitable  phasing 
circuit. 

This  develojraent  suggested  that  similar 
benefits  might  result  at  low  frequencies  from 
the  use  of  damping  material  with  piezoelectric 
properties.  While  rubber-like  materials  usually 
are  not  considered  piezoelectric,  there  are  some 
indications  in  the  literature  that  long-chain 
polymers  can  have  piezoelectric-like  behavior. 
These  are  summarized  by  Guttmann, 2  Johnson,2  and 
Cady. 11  However,  the  work  discussed  in  these 
references  is  concerned  with  d.c.  effects  and 
with  the  direct  piezoelectric  effect.  Consider¬ 
ing  the  small  magnitudes  involved  and  the  fact 
that  pressure  applied  to  two  charged  surfaces 
will  generate  some  voltage  no  matter  what  the 
intervening  material,  we  thought  it  safer  to 
restrict  our  study  to  vibration  resulting  from 
application  of  alternating  voltages. 

The  technical  literature  contains  a  number 
of  references  to  studies  of  the  properties  of 
polymers  using  alternating  voltages.2  However, 
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it  is  difficult  to  use  this  material  to  deter¬ 
mine  the  suitability  of  a  material  for  an  engine¬ 
ering  application  or  to  determine  the  effective¬ 
ness  of  bias  and  treatment  ir.  improving  the 
activity  of  available  materials. 

PREPARATION  OF  SPECIMENS 

Procedures  used  to  prepare  materials  for 
test  followed  those  used  to  prepare  electrets. 

As  a  heuristic  device  we  assumed  that  the  mate¬ 
rial  contained  electrical  dipoles.  We  attempted 
to  align  these  to  some  extent  by  reducing  the 
viscosity  of  the  material,  applying  as  intense 
a  constant  electric  field  as  the  material  would 
support  without  arcing,  and  allowing  the  mate¬ 
rial  to  solidify  under  the  field. 


The  first  specimens  were  prepared  by  evap¬ 
orating  a  volatile  solvent  from  a  solution  of 
the  material  while  the  field  was  applied.  This 
seemed  to  show  some  promise  but  it  was  a  slow 
process  and  required  leaving  an  intense  field  on 
the  specimen  overnight  while  the  laboratory  was 
unattended.  After  a  number  of  near  accidents 
and  a  fire  we  abandoned  the  use  of  volatile  sol¬ 
vents  and  simply  heated  solid  materials.  Some 
of  the  materials  could  be  completely  or  nearly 
liquified  and  some  were  only  heated  and  allowed 
to  cool  under  the  field.  Heat  was  applied  with 
an  electrical  hot  plate  at  first.  Later,  speci¬ 
mens  were  heated  in  a  furnace.  Figure  1  shows 
the  configuration  used  to  apply  the  field  while 
the  specimen  was  on  the  hot  plate  and  Figure  2 
shows  the  corresponding  setup  used  in  the 
furnace.  The  samples  were  heated  as  near  as 


DASHED  LINE  INDICATES  HEATED  SPACE. 

Figure  1:  Sample  with  applied  electric  field  heated  on  hot  plate 


METAL  ELECTRODES 


Gloss  strips  clamped  together  to  hold  electrodes  and  sample  in  place. 


Figure  2:  Sample  with  applied  electric  field  heated  in  furnace 
Dashed  line  indicates  portion  heated. 

Temperature  monitored  by  thermocouple  in  furnace. 
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possible  to  the  melting  point  without  causing 
perceptible  changes  in  composition,  discolora¬ 
tion,  bubbles,  change  in  trans lucence,  etc. 


most  hard  plastics,  and  a  brass  cylinder  with 
carborundum  powder  for  glass  and  a  few  very 
hard  plastics. 


The  electric  field  across  the  samples  was 
maintained  just  below  the  magnitude  at  which 
arcing  occurred.  Usually,  the  field  could  be 
increased  as  the  material  cooled,  often  reaching 
the  30,000  V  limit  of  the  power  supply  by  the 
time  the  sample  had  cooled  to  about  30“C,  the 
usual  point  at  which  the  treatment  ended. 

All  of  the  test  elements  consisted  of 
disks  cut  from  the  sheets  of  material  by  suit¬ 
able  tools.  Cork  borers  were  used  for  soft 
materials,  hole  cutters  in  a  drill  press  for 


Each  test  element  was  made  of  two  disks  put 
together  so  that  the  adjacent  faces  in  the  test 
assembly  had  been  oriented  similarly  before  the 
disks  were  cut  from  the  treated  samples.  The 
outer  faces  were  both  connected  to  ground  and 
the  test  signal  was  applied  between  ground  and 
the  common  face  in  the  center.  With  this  orien¬ 
tation  and  connection,  the  grounded  outer  elec¬ 
trodes  provided  some  shielding  while  both  disks 
responded  similarly  to  the  applied  signal.  A 
typical  test  element  is  shown  in  Figure  3. 


CONDUCTIVE  SILVER 


Figure  3:  Test  element  construction 


TESTS 

The  circuit  used  for  testing  is  shown 
schematically  in  Figure  4.  Three  different 
oscillators  were  used,  in  some  cases  with  an 
external  transformer  to  match  the  input  imped¬ 
ance  of  the  test  element.  The  voltage  applied 
to  the  specimen  varied  in  different  cases  but 
all  of  the  results  presented  in  Table  I  are 
normalized  for  an  input  of  400  V.  Within  the 
sensitivity  of  our  measurements  for  these  cases, 
the  activity  was  linear  with  applied  signal. 


The  voltage  divider  reduced  the  trace  showing 
the  driving  signal  to  manageable  levels  and  the 
capacitor  allowed  a  d.c.  bias  to  be  applied  to 
the  test  element  without  affecting  the  a.c.  por¬ 
tion  of  the  circuit.  The  d.c.  power  supply  was 
also  used  to  provide  the  field  in  preparing  the 
material.  The  accelerometer  was  a  piezoelectric 
type  with  a  sensitivity  of  about  SO  mV/g  at  the 
frequencies  reported  in  Table  I.  The  accelerom¬ 
eter  signal  was  measured  at  the  oscilloscope. 

The  sensitivity  of  its  beam  was  usually  set  at 
200  yV  per  cm. 


Figure  4:  Circuit  used  for  testing 
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Figure  S:  Triangular  test  fixture 


Figure  6:  Test  element  in  triangular  fixture 


A  number  of  arrangements  of  the  test  element  two  plastic  triangles.  Figure  6  shows  the  ar- 

were  used  but  only  two  contributed  enough  to  be  rangement  of  a  test  element  in  one  of  the  plastic 

worth  reporting.  The  first  used  a  triangular  legs.  Figure  7  shows  the  lower  of  the  two  tri¬ 
fixture  shown  in  Figure  S.  Three  test  elements  angular  plates  and  Figure  8  shows  a  complete 

were  used,  one  in  each  of  the  legs  separating  assembly  with  an  accelerometer  ir>  place. 
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Figure  7:  Lower  plate  of  triangular  fixture 


Triangle  o»»»mblr  with  ten  element  in  place 


T»t.  pla.tlc  l«g.  ...  C.mmlnt  to  tk.  pkntic  t,i.n,|„ 

Figure  8:  Triangular  fixture  assembled 


Only  one  of  the  experiments  performed  on 
the  triangular  fixture  is  reported  here.  With 
the  lower  triangle  clamped  to  a  heavy  steel 
block,  the  system  was  driven  at  a  resonance  by 
a  loudspeaker.  The  signal  from  the  accelerom¬ 
eter  on  the  upper  triangle  was  displayed  on  the 
oscilloscope.  The  signal  disappeared  if  the 
upper  triangle  was  clamped,  ensuring  that  the 
signal  was  not  due  to  microphonic  action  in  the 
accelerometer.  A  signal  from  another  oscillator 
tuned  nearly  to  the  frequency  of  the  speaker 
was  applied  to  the  test  elements  in  the  legs  of 
the  fixture.  After  adjustment  of  the  ampli¬ 


tudes  of  the  two  signals,  the  oscilloscope  trace 
showed  the  typical  pattern  of  a  modulated  sine 
wave  with  an  envelope  at  the  beat  frenuency. 
Adjusting  the  frequencies  of  the  two  signals 
nearly  to  coincidence  gave  a  slow  be.u  with 
long  periods  when  the  signal  was  essentially 
nulled.  It  seemed  likely  that  if  some  of  the 
speaker  signal  could  have  been  applied  to  the 
test  eiements  in  the  proper  phase,  the  motion 
of  the  upper  plate  could  have  been  stooped. 
Un.ortunate^,  a  suitable  phase  shifter  was  not 
available . 
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Figure  10:  Plastic  plug  test  fixture 


The  fixture  used  for  the  measurements  re¬ 
ported  in  Table  I  is  pictured  in  Figure  9  and 
shown  schematically  in  Figure  10.  This  arrange¬ 
ment  was  found  to  be  simple  and  rapid  to  set  up, 
free  of  electrical  pickup,  and  quite  satisfac¬ 
tory  for  the  kind  of  survey  we  conducted. 

MEASUREMENTS 

The  measurement  procedure  consisted  of 


connecting  the  test  element  in  the  circuit 
shown  in  Figure  4,  setting  the  d.c.  bias  for 
those  cases  when  it  was  used,  setting  the  amp¬ 
litude  of  the  a.c.  signal  across  the  test  ele¬ 
ment,  sweeping  the  oscillator  through  the  fre¬ 
quency  range  from  iO  to  10k  Hz,  stopping  at 
frequencies  where  the  accelerometer  signal 
peaked,  and  recording  frequency  and  amplitude. 
The  frequencies  at  which  the  accelerometer 
signal  peaked  appeared  to  be  resonances  of  the 
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structure  consisting  of  the  sample,  the  plastic 
plug,  and  the  accelerometer.  Some  interesting 
results  were  found  at  frequencies  above  10  kHz 
but  they  are  not  reported  here  because  of  un¬ 
certainty  about  the  sensitivity  of  the  accel¬ 
erometer  and  the  high  frequency  behavior  of  the 
mount  and  the  electronic  equipment.  It  seems 
likely  that  the  use  of  proper  eruipment  will 
yield  useful  information  at  high  frequencies. 

Our  early  optimism  about  the  benefits  of 
the  heat  and  electric  field  treatment  used  in 
preparing  the  material  was  shaken  when  we  found 
that  in  many  cases,  untreated  material  responded 
to  the  signal  as  well  as  treated  samples.  This 
discovery  led  to  testing  similar  elements  of 
treated  and  untreated  samples  of  the  same  mate¬ 
rial.  In  many  cases  the  treatment  had  little  or 
no  effect.  However,  as  shown  in  Table  1,  there 
were  a  number  of  cases  in  which  the  treatment 
did  have  a  beneficial  effect.  The  effect  of 
the  d.c.  bias  was  also  beneficial.  As  well  as 
we  could  measure,  the  activity  increased 
linearly  with  bias  and  added  linearly  to  the 
effect  present  without  bias.  For  the  measure¬ 
ments  in  Table  1  each  material  was  tested  four 
times,  an  untreated  sample  with  and  without  bias 
and  a  treated  sample,  with  and  without  bias. 

Only  peak  signals  with  good  wave  shape  were 
recorded.  In  many  cases  a  poor  signal  was 
c&tttvd  by  distuTtioTi  it.  llits  driving  signal . 

This  was  obviously  the  case  when  a  distorted 
Ugnal  wa<  tcunl  at  a  subw armor  ic  of  a  1 1 rv  r-g 
resonance.  All  such  cases,  from  a  small  pertur¬ 
bation  of  the  sinusoidal  accelerometer  signal  to 
apparent  responses  at  several  times  the  driving 
frequency,  were  eliminated. 

Another  kind  of  unwanted  response  was 
caused  by  electrostriction. 6  This  can  be 
thought  of  as  due  to  the  attraction  between 
unlike  charges  on  opposite  faces  of  the  material 
and  thus  occurs  twice  in  each  cycle  of  the  driv¬ 
ing  signal.  When  this  effect  occurs  alone  it 
can  be  distinguished  from  distortion,  since  the 
double  frequency  effect  diminishes  with  the  use 
of  d.c.  bias  and  disappears  when  the  bias  equals 
the  driving  amplitude.  In  a  number  of  cases  the 
material  seemed  to  respond  at  both  the  driving 
frequency  and  double  that  frequency  when  there 
was  no  harmonic  distortion.  These  cases  are  not 
reported  but  will  be  investigated  further. 

In  addition  to  good  wave  shape  at  the 
driving  frequency,  the  responses  included  in  the 
table  had  to  meet  two  other  criteria,  The  accel¬ 
erometer  had  no  output  when  there  was  no  mechan¬ 
ical  connection  with  the  sample  when  it  was 
driven  at  the  frequency  of  peak  response  and  a 
signal  did  appear  when  the  accelerometer  touched 
the  sample,  with  the  electrical  connections  re¬ 
maining  unchanged.  There  was  a  phase  shift  be¬ 
tween  the  accelerometer  signal  and  the  oscillator 
signal  as  the  frequency  was  swept  through  the 
resonance . 

The  material  designations  in  Table  1  are 
broad  and  intended  only  to  separate  the  samples, 
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We  used  materials  available  in  the  NBS  storeroom 
which  the  literature  on  electrets  indicated 
might  respond  favorably.  Accurate  designation, 
based  on  formulation  and  measurement  of  physical 
ar.d  electrical  properties  would  be  out  of  place 
for  this  preliminary  survey.  The  dimensions  are 
nominal.  Some  of  the  treated  samples  warped  and 
were  machined  flat.  The  kind  of  preparation 
applied  to  the  treated  samples  is  summarized  in 
Table  11.  The  d.c.  bias  applied  to  the  samples 
was  chosen  for  convenience  since  its  effect  was 
linear.  The  frequencies  were  read  on  an  elec¬ 
tronic  counter.  The  measured  values  seemed 
stable  and  reproducible.  The  values  of  activity 
are  nominally  related  to  the  acceleration  gene¬ 
rated  by  a  400  V  input  signal.  However,  we 
consider  it  better  to  treat  them  as  figures  of 
merit  by  which  different  samples  can  be  compared. 

CONCLUSIONS 

Detailed  results,  summarized  in  Table  1, 
are  the  measurements  which  remain  after  all 
doubtful  cases  have  been  eliminated.  We  are 
reasonably  confident  that  the  deductions  to  be 
obtained  from  intercomparison  of  the  activities 
shown  by  the  various  samples  is  qualitatively 
correct.  Unci  -tainty  about  the  quantitative 
results  arise,  .com  the  mathematical  manipulation 
in  normalizing,  from  the  lack  of  definite  ident¬ 
ification  of  the  materials,  from  the  variation 
it,  ibi  heal  ani  eltelTie  field  applied  tc  the 
samples  during  preparation,  and  from  the  change^ 
in  tcckriquet  and  tr*truif«iitaUo-n  which  occurred 
as  the  tests  progressed. 

In  spite  of  these  uncertainties,  the  results 
in  the  table  do  allow  some  definite  conclusions 
tv  bt  dt  Awli. 

1.  Some  elastomers  have  a  linear  mechanical 
response  to  an  electrical  signal. 

2.  In  all  the  cases  listed  the  response 
was  accentuated  by  the  use  of  a  d.c.  bias. 

3.  In  the  cases  of  flourocarbon  and  poly¬ 
styrene,  the  treatment  with  heat  and  high  voltage 
left  a  residual  effect  which  had  not  been  found 
in  the  untreated  material.  In  the  cases  of 
polymeric  amide  and  phenolic  resins  the  treatment 
enhanced  the  response. 

4.  The  response  varies  greatly  in  different 
materials  so  that  proper  choice  or  special  formu¬ 
lation  may  lead  to  improved  response. 

In  most  cases  the  same  samples  showed  re¬ 
sponses  at  frequencies  other  than  those  listed 
and  samples  of  the  same  materials  with  different 
dimensions  had  a  different  pattern  of  response. 
However,  the  results  shown  in  the  table  are 
typical  of  a  large  number  of  the  measurements. 

The  results  obtained  with  glass  deserve 
special  mention.  They  are  not  included  in  the 
table  because  only  response  at  double  the 
driving  frequency  was  found  and  because  glass  is 
not  an  elastomer.  It  was  tested  because  some 


TABLE  I 


Motion  Generated  at  Selected  Resonances 


Frequency 


Material 

Dimensions 

Condition 

of 

Activity 

Diam. 

Thickness 

Preparation 

Bias 

Resonance 

Volts 

Hz 

Flourocarbon 

3/4" 

1/16" 

None 

None 

None 

None 

3150 

None 

Treated 

None 

4141 

1.3 

Treated 

3150 

4433 

4.0 

Polymeric 

3/4" 

1/8" 

None 

None 

2431 

0.16 

Amide 

None 

3150 

2216 

3.0 

None 

3150 

2383 

2.9 

Treated 

None 

4632 

0.67 

Treated 

3150 

4416 

5.0 

Polystyrene 

S/3" 

3/32" 

None 

tone 

None 

None 

2100 

None 

Treated 

None 

3343 

0.32 

Treated 

2100 

3297 

1.1 

Filled 

3/4" 

1/8" 

None 

None 

6315 

0.32 

Phenolic 

None 

3150 

6052 

2.8 

Resin 

Treated 

None 

4660 

4.0 

Treated 

3150 

4670 

14.7 

Epoxy 

3/4" 

1/8" 

None 

None 

3681 

0.24 

Resin 

None 

3150 

3568 

0.90 

Treated 

None 

3176 

0.36 

Treated 

None 

4963 

0.25 

Treated 

3150 

3173 

1.2 

Treated 

3150 

5250 

0.99 

Natural 

5/8" 

3/32" 

None 

None 

None 

Rubber 

None 

2100 

537 

3.1 

Treated 

None 

290 

0.58 

Treated 

2100 

553 

2.42 

‘Arbitrary  Units 


TABLE  II 

Treatment  of  Samples 


During  Heating  During  Cooling 


Material 

Temperature  °C 

Volts 

Time 

Hours 

Volts 

Time 

Hours 

Flourocarbon 

80-150 

15000 

25 

15-16000 

18 

Polymeric  Amide 

Low  Heat  on 

Hot  Plate 

4-6000 

1/2 

63-18000 

-- 

Polystyrene 

100 

15000 

6 

15000 

16 

Filled 

Phenolic  (Treated) 
(Twice) 

Low  Heat 

Medium 

6000 

5000 

1 

2  1/2 

28000 

16000 

„  - 

Epoxy 

No  Heat  Applied 

... 

1200-30000 

6  1/2 

Natural 

Rubber 

Low  Heat 

9000 

1/2 

9000-29000 
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disks  were  available,  having  been  made  for  face 
plates  on  the  test  elements  to  provide  better 
mechanical  coupling.  However,  the  response  of 
glass  was  larger  than  any  of  those  in  the  table 
by  a  factor  of  nearly  20  and  the  use  of  d.c. 
bias  increased  it  and  converted  it  to  a  linear 
response.  Similar  but  smaller  results  were 
found  with  acrylic  resin  and  butyl  rubber. 

Promising  avenues  for  future  development 
appear  to  be  development  of  more  effective 
methods  of  treating  materials  and  developing  a 
systematic  means  for  finding  more  active  mate¬ 
rial.  A  better  understanding  of  the  mechanism 
of  response  to  electrical  signals  on  a  molecular 
level  is  basic  to  both  developments.  Even  with¬ 
out  such  knowledge,  variations  of  the  methods 
of  treatment  we  used  could  be  trieJ  as  well  as 
others  that  have  been  suggested.  Vve  expect 
favorable  results  from  more  experimentation  with 
epoxies,  polyesters,  and  other  resins  which 
solidify  from  a  liquid  during  polymerization. 

The  epoxy  entry  in  Table  1  is  not  particularly 
impressive  but  others  eliminated  by  our  rigid 
criteria  for  inclusion  in  the  table  were  more 
promising.  Development  of  a  rational  method 
for  finding  more  responsive  materials  guided  by 
properties  such  as  dielectric  constant,  elastic 
moduli,  and  density  and  by  composition  and 
molecular  structure  can  be  expected  to  be  fruit¬ 
ful.  Eventually  such  a  search  might  lead  to- 
special  formulation  of  materials. 

The  principal  conclusion  of  this  paper  is 
that  further  investigation  of  the  mechanical 
response  of  elastomers  to  electrical  stimulus 
should  be  pursued. 
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After  this  paper  was  submitted  our  attention 
was  called  to  U.S.  Patent  No.  3,365,593.  L.  B. 
Roof  and  G.  Halklades  of  the  Phillips  Petroleum 
Company  describe  the  use  of  thin  sheets  of 
piezoelectric  polymers  for  microphones,  speakers 
and  vibration  pickups.  They  name  several  kinds 
of  suitable  polymers. 


DISCUSSION 


Mr.  Nr.ylor  (Defence  Research  Est.,  Suf- 
field,  Alberta,  Canada):  Did  you  try  carnauba 
wax?  This  has  been  used  as  an  electret. 

Mr.  Edelman;  No,  we  did  not.  Our  treat¬ 
ment  is  obviously  inspired  by  the  kind  of  treat¬ 
ment  that  is  used  to  create  electrets.  We  were 


looking  for  a  rubbery  material.  This  project 
started  with  a  real  practical  need,  and  carnauba 
wax  would  not  be  suitable.  People  have  reported 
a  dc  piezo-electric  effect  in  wax  and  others 
have  said  they  could  not  find  it.  But  we  did  not 
try  it. 


9 


CONTROLLED  DECELERATION  SPECIMEN  PROTECTION  SYSTEMS 
FOR  ELECTRODYNAMIC  VIBRATION  SYSTEMS 


Lawrence  L.  Cook,  Jr. 

NASA,  Goddard  Space  Flight  Center 
Greenbolt,  Maryland 


Electrodynamic  vibration  systems  are  usually  equipped  with 
a  means  of  terminating  a  test  very  rapidly  in  case  of  an 
operator  error,  equipment  malfunction,  or  a  power  outage.  The 
device  used. to  implement  this  protection  is  known  as  an  armature 
protector  or  an  amplitude  protector.  The  armature  protector 
discharges  the  energy  stored  in  the  power  amplifier  and  short- 
circuits  the  armature.  It's  function  is  to  protect  the  shaker 
moving  element  or  armature  by  preventing  it  from  hitting  the 
mechanical  stops;  however,  it  was  not  designed  to  protect  the 
test  specimen.  In  fact,  when  the  protector  is  initiated,  the 
specimen  is  subjected  to  possible  damage  due  to  the  high 
deceleration  levels  generated  when  the  armature  is  suddenly 
stepped.  In  order  to  prevent  specimen  damage,  additional 
protection  devices  were  needed. 

Accordingly,  two  Controlled  Deceleration  Specimei  Protection 
Systems  were  developed  to  Goddard  Space  Flight  Center  specifica¬ 
tions  by  two  different  manufacturers.  The  object  of  this  paper 
is  to  describe  these  two  systems  and  show  typical  response  data 
during  their  operation.  These  specimen  protection  systems  were 
designed  to  limit  the  high  deceleration  level  consistent  with 
specimen  safety  limits. 

The  method  used  to  effect  controlled  deceleration  is  to 
automatically  insert  a  variable  damping  resistance  across  the 
armature.  In  practice,  fixed  parallel  resistances  are  inserted 
in  the  armature  circuit  in  the  proper  sequence  so  that  the 
total  armature  resistance  decreases  incrementally  with  time. 

Thus,  the  resistance  of  the  armature  path  is  continuously 
decreased  as  needed  in  order  to  maintain  the  deceleration  at 
or  below  a  selected  level. 

A  test  program  was  conducted  to  evaluate  both  Controlled 
Deceleration  Specimen  Protection  Systems.  The  test  results, 
block  diaqrams,  and  time  histories  of  the  decelerations  due  to 
dynamic  braking  are  included  in  the  paper. 


INTRODUCTION 

One  of  the  most  undesirable 
occurrences  in  the  field  of  vibration 
testing,  when  operating  an  electro¬ 
dynamic  exciter,  is  a  shutdown  due 
to  the  firing  of  an  armature  protector 
because  of  operator  error,  equipment 
malfunction,  or  power  outage.  The 
arrature  protector  was  designed  to 


protect  the  moving  element  (armature) 
of  the  shaker  by  preventing  it  from 
hitting  the  mechanical  stops.  This  is 
accomplished  by  electronically 
shorting  the  energy  in  the  amplifier  to 
ground  and  short-circuiting  the  arma¬ 
ture.  Unfortunately,  the  sudden 
dynamic  braking,  due  to  short- 
circuiting  the  armature,  generates 
large  accelerations  which  have  caused 
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the  spacecraft  or  specimen  to  be  sub¬ 
jected  to  excessive  levels  and  possibly 
be  damaged . 

The  firing  of  an  armature  protec- 
tor  or  "shaker  dump"  is  of  particular 
significance  at  Goddard  Space  Flight 
Center  because  one  "dump"  could  des¬ 
troy  a  spacecraft  valued  at  more  than 
§1,000,000  or  reduce  the  reliability 
in  the  specimen  to  a  point  where  it 
would  cause  a  costly  delay  in  the 
launch  of  a  spacecraft.  The  purpose 
of  thic  paper  is  co  describe  the  two 
specimen  protections  systems  that  were 
developed  for  Goddard,  and  to  present 
and  discuss  results  from  typical  oper¬ 
ational  tests  of  each. 

DESCRIPTION  OF  DECELERATION  SYSTEMS 

Mathematical  Treatment 

The  mechanism  for  dynamically 
braking  the  armature  as  smoothly  as 
possible  so  that  no  damage  is  incurred 
by  the  test  specimen  is  described  by 
the  following  equations 

2 

(1)  -a  B  d  +  2wv 
o 

where s  v  is  the  velocity  and  d 
is  the  displacement  of 
the  armature  at  the  time 
shutdown  is  initiated  and 
-a  is  the  maximum  deceler¬ 
ation  level  reached  during 
shutdown. 

This  relationship  is  a  combination  of 
electrical  and  mechanical  parameters  as 
developed  by  their  mathematical  anal¬ 
ogies.  The  parameter  «•  is  the  shunting 
resistance  in  the  armature  circuit,  and 
the  parameter  B  2  is  a  function  of  the 
flexture  stiffness  and  armature  mass. 
Further  treatment  is  presented  in 
Appendix  A  as  established  by  (1),  (2) 
and  (3) ,  It  is  by  virtue  of  the  sec¬ 
ond  term  of  equation  (1) ,  2«v,  and 
solely  through  this  term,  that  the  dy¬ 
namic  braking  effect  occurs . 

Control  of  deceleration  by  means 
of  armature  resistance  is  dominated 
by  the  first  term  of  the  equation  (1) . 
This  term,  B  ^d,  is  a  function  of  the 
flexure  stiffness,  displacement,  and 
armature  mass,  and  is  completely  inde¬ 
pendent  of  the  resistance.  Any 


2 

acceleration  due  to  B  d  has  to  be  al¬ 
lowed  for  ant'  v  cannot  be  adjusted. 

This  effect  ..  rticularly  noticeable 
at  low  frequencies  and  large  displace¬ 
ments  under  conditions  of  light  load. 

The  major  component  common  to  each 
of  the  two  deceleration  systems  (one 
designated  type  A,  the  other  type  B)  is 
the  dynamics  computer.  These  computers 
are  designed  to  perform  the  following 
functions : 

1.  To  monitor  certain  significant 
parameters  and  initiate  a  con¬ 
trolled  deceleration  of  the 
armature  whenever  these 
parameters  exceed  preset  safe¬ 
ty  limits. 

2.  To  dynamically  brake  the  arma¬ 
ture  to  a  stop  by  causing 
successive  damping  resistance 
to  be  switched  across  the 
armature  circuit  in  such  a  way 
as  to  avoid  large  deceleration 
peaks . 

Type  A 

Figure  1  shows  a  block  diagram  of 
an  MB  C126  (10,000  lb.  force)  vibration 
system  that  incorporates  the  Type  A 
deceleration  system.  The  system  con¬ 
sists  of  a  relative  displacement  trans¬ 
ducer,  deceleration  dynamics  computer, 
deceleration  level  controller,  acceler¬ 
ation  limiter,  ignitron,  dynamic  brak¬ 
ing  chassis  and  a  status  display  panel. 

The  displacement,  transducer,  mount¬ 
ed  on  the  shaker,  and  attached  to  the 
armature,  generates  a  signal  proportion¬ 
al  to  the  position  of  the  armature, 
relative  to  the  exciter  field  body. 

The  displacement  transducer  responds 
from  DC  to  200  Hz  and  senses  the  static 
as  well  as  the  dynamic  position  of  the 
armature.  The  instantaneous  displace¬ 
ment  signal  from  the  transducer  is  fed 
to  the  dynamics  computer,  which  deter¬ 
mines  the  instantaneous  deceleration 
required  to  bring  the  armature  to  rest 
in  a  given  distance.  If  the  computed 
deceleration  equals  or  exceeds  a  pre¬ 
scribed  level,  the  dynamics  computer 
commands  system  shutdown  by  triggering 
the  level  controller.  Thu  level  con¬ 
troller  triggers  the  ignitron;  thereby 
shorting  electrical  energy  in  the 
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OUTHJT 


Figure  1.  MB  C126  Exciter  with 

the  Type  A  Deceleration 
System 


amplifier  to  ground,  and  after  a 
slight  delay,  on  the  order  of  micro¬ 
seconds,  provides  control  signals  to 
the  dynamic  braking  chassis.  The 
level  controller  monitors  the  arma¬ 
ture  velocity  as  computed  by  the 
dynamics  computer,  and,  as  this 
velocity  decreases,  causes  the  dynamic 
braking  chassis  to  automatically  switch 
in  progressively  smaller  resistors  in 
the  armature  circuit.  The  number  and 
sequence  of  level  controller  command 
signals,  and  the  number  of  dynamic 
braking  resistors  inserted  by  the 
dynamic  braking  chassis,  are  indicated 
on  the  Status  Display  Board. 

This  deceleration  system  iray  also 
be  initiated  by:  (1)  excessive  accel¬ 
eration  level,  preset  from  3  to  300  g's, 

(2)  a  transient  input  or  "jerk",  and 

(3)  loss  of  AC  power  to  the  system. 

An  acceleration  limiter  monitors  the 
input  or  control  accelerometer  and 
when  preset  level  is  exceed  ■!,  the 
acceleration  limiter  tr J  ^~cb  the  de¬ 
celeration  level  controller  to  initi¬ 
ate  a  controlled  deceleration.  A 
differentiator  built  into  the  deceler¬ 
ation  level  controller  determines  the 
jerk  magnitude  by  monitoring  the  am¬ 
plifier  input  signal  and  similarly 
initiates  deceleration.  A  level  de¬ 
tector  is  also  built  into  the  deceler¬ 
ation  level  controller  to  monitor  AC 
power  and  initiate  deceleration  when 
power  is  lost . 


Type  B 

Figure  2  is  a  block  diagram  show¬ 
ing  the  type  B  deceleration  ByBtem, 
integrated  with  an  MB  C210  (28,000  lb. 
force)  vibration  system  currently  in 
use  at  Gcddard.  The  deceleration  sys¬ 
tem  consists  of  a  computer  control 
chassis  and  a  cabinet  containing  an 
ignitron,  thyratrons,  and  damping  re¬ 
sistors,  needed  to  carry  out  the  dynam¬ 
ic  braking  action. 

The  BenBing  signal  for  the  type  B 
system  uses  the  armature  terminal  volt¬ 
age  as  a  measure  of  velocity.  An 
integrator  is  used  to  compute  the  arma¬ 
ture  displacement  and  a  prediction  cir¬ 
cuit  computes  the  increment  of  dis¬ 
placement  required  to  shutdown  at  a 
preset  test  level.  The  sum  of  the 
final  computer  displacements  (armature 
plus  increment)  is  used  to  initiate 
shutdown  whenever  the  absolute  value 
approaches  the  maximum  amplitude 
excursion  of  the  exciter.  When  the 
dynamic  braking  operation  is  initiated, 
a  resistance  is  immediately  switched 
through  the  first  thyratron  across  the 
exciter  armature.  At  the  same  time, 
the  power  amplifier  driving  the  exciter 
is  shutdown,  via  the  ignitron.  After 
a  short  delay  of  about  20  microseconds, 
tho  control  chas  ’is  is  free  to  permit 
the  second,  third,  fourth,  and  fifth 
resistor,  in  sequence,  to  be  switched 
via  the  appropriate  thyratron.  The 
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Figure  2.  MB  C210  Exciter  with 

the  Type  B  Deceleration 
System 


control  chassis  using  the  armature 
voltage  as  a  measure  of  velocity,  com¬ 
putes  the  displacement,  and  continuous¬ 
ly  for  each  resistor,  computes  the 
acceleration  as  if  that  resistor  were 
switched  in.  When  the  computation 
indicates  that  the  acceleration  would 
be  at  a  safe  level  if  that  resistor 
were  switched  in,  the  appropriate 
thyratron  is  fired,  and  the  resistor 
is  then  activated.  Triggering  of  this 
system  may  also  be  initiated  by:  (1) 
jerk  at  the  amplifier  input,  and  (2) 
excessive  acceleration  level,  preset 
from  3  to  300  g's. 

TEST  RESULTS 

Time  histories  of  decelerations 
on  the  type  A  (MB  C126  exciter,  10,000 
lb.  force)  and  on  t'.e  type  B  (MB  C210 
■fexciter,  28,000  lb.  force)  systems 
were  recorded  on  an  oscillograph  using 
a  piezoelectric  accelerometer  mounted 
on  the  exciter  armature  (bare  table) . 

Figure  3  shows  the  acceleration 
response  of  an  MB  0126  exciter  vibra¬ 
tion  system  caused  by  initiating  the 
standard  amplitude  protector  system. 
This  system  does  not  have  the  type  A 
deceleration  capability  and  is  pre¬ 
sented  to  show  a  typical  shaker  dump 
as  a  reference.  Exciter  operating 
conditions  during  this  time  period 
were  5  Hz  and  0.5  inches  double  ampli¬ 
tude  displacement  (equivalent  to  ±0.64 
g-peak) .  The  amplitude  protector  was 


fired  close  to  the  peak  of  the  accel¬ 
eration  waveform  and  the  amplitude  of 
the  resulting  transient  was  12  g-peak. 
Figure  4  shows  the  acceleration  respons 
entirely  due  to  table  mass  and  flexures 
at  low  frequencies  under  a  condition  of 
a  light  load  without  amplitude  pro¬ 
tector  or  type  A  deceleration  systems . 
The  MB  C126  exciter  was  operated  at-  5 
Hz,  ±0.64  g-peak,  and  then  the  power 
amplifier  was  turned  off  near  the  peak 
of  the  acceleration  waveform.  The 
resultant  transient  due  to  the  effect 
of  the  table  mass  and  flexures  was  10 
g-peak . 

Figure  5  shows  the  shutdown  tran¬ 
sient  using  the  type  A  deceleration 
system.  The  exciter  was  operated  at 
5  Hz,  ±0.64  g-peak  and  the  type  A  sys¬ 
tem  was  triggered  near  the  peak  of  the 
acceleration  waveform.  The  resultant 
transient  was  8.5  g-peak. 

Figures  6,  7,  and  8  illustrate  the 
action  of  the  type  A  system  when  ini¬ 
tiated  at  different  frequencies  and  on 
a  random  basis.  Figure  6  shows  a  shut¬ 
down  when  operating  the  exciter  at  10 
Hz,  ±2.5  g-peak.  The  system  was 
triggered  near  the  peak  of  the  acceler¬ 
ation  waveform  and  the  resultant  tran¬ 
sient  was  12.4  g-peak.  Figure  7  illus¬ 
trates  a  shutdown  at  20  Hz  and  ±8.2 
g-peak  with  the  system  triggered  be¬ 
tween  maximum  velocity  and  maximum 
acceleration.  The  deceleration  tran¬ 
sient  was  24  g-peak.  Figure  8  shows  a 
shutdown  at  ±18  g-peak  and  5C  Hz  with 
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Figure  6.  Type  A  Deceleration  System  Shutdown  Transient 
at  10  Hz,  +2.5  g-peak 


Figure  7.  Type  A  Deceleration  System  Shutdown  Transient 
at  20  Hz,  +8.2  g-peak 
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Figure  8.  Type  A  Deceleration  System  Shutdown  Transient 
at  50  Hz,  +18  g-peak 
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the  shutdown  initiated  at  maximum 
acceleration.  The  deceleration  tran¬ 
sient  was  23  g-peak. 

Figure  9  illustrates  the  effect 
of  a  shutdown  amplitude  protector  on 
a  MB  C210  exciter.  The  exciter  was 
operated  at  5  Hz,  ±0.8  g-peak  bare 
table.  The  amplitude  protector  fired 
at  the  peak  of  the  acceleration  wave¬ 
form  and  the  transient  exceeded  10 
g-peak . 

Figure  10  shows  the  effect  of  the 
C210  table  mass  and  flexures  while  the 
exciter  was  operating  at  5  Hz,  ±0.5 
g-peak  and  then  disconnected  from  the 
amplifier,  so  as  to  eliminate  armature 
braking,  at  the  peak  of  the  acceler¬ 
ation  waveform.  The  resultant  tran¬ 
sient  was  3.6  g-peak. 

Figures  11  through  14  illustrate 
the  action  of  the  type  B  deceleration 
system  on  the  C210  shaker  system  under 
a  variety  of  conditions.  Figure  11 
shows  a  shutdown  transient  at  5  Hz, 
±0.64  g-peak.  The  system  was  triggered 
at  the  peak  of  the  acceleration  wave¬ 
form  and  the  resultant  transient  was 
12  g-peak.  The  ringing  on  the  wave¬ 
form  is  probably  due  to  the  ignitron 
firing  and  exciting  the  armature 
resonance.  The  undamped  oscillations 


after  deceleration  are  caused  by  the 
thyratrons  which  extinguish  themselves 
when  the  AC  voltage  goes  to  zero  and  the 
armature  sees  an  open  circuit.  When 
this  happens,  the  armature  will  oscil¬ 
late  at  its  mass  resonance  until  damped 
out.  Figure  12  illustrates  a  shutdown 
wher.  the  exciter  is  operated  at  a  fre¬ 
quency  of  10  Hz.  and  a  level  of  ±2.5 
g-peak.  The  deceleration  transient  was 
at  the  peak  of  the  deceleration  waveform 
with  a  level  of  13  g-peak.  Figure  13 
shows  a  deceleration  transient  when  the 
system  was  operated  at  20  Hz  and  ±8.2 
g-peak.  The  system  was  triggered  near 
maximum  velocity  and  zero  acceleration. 
The  resultant  transient  was  11.4  g-peak 
with  armature  ringing  and  oscillations. 
Figure  14  illustrates  a  shutdown  tran¬ 
sient  when  the  exciter  was  operated  at 
50  Hz,  ±18  g-peak.  The  system  was 
triggered  between  maximum  velocity  and 
maximum  acceleration.  The  resultant 
transient  was  24  g-peak. 

For  clarification  purposes,  Table 
1  summarizes  the  shutdown  transients 
of  the  type  A  deceleration  system.  The 
shutdown  transient  was  computed  for 
each  of  the  test  runs  and  compared  to 
the  actual  shutdown  transient.  It  can 
be  seen  by  the  table  that  there  is  close 
agreement  between  the  computed  and 
actual  shutdown  transients. 


Table  1  -  Type  A  Shutdown  Transient  Data 


Test  Level 

Shutdown  Transient 

Computed  * 

Actual 

5  Hz,  +0.64  g-peak 

11.6  g-peak 

8.5  g-peak 

10  Hz,  ±2.5  g-peak 

13.5  g-peak 

12.4  g-peak 

20  Hz,  ±8.2  g-peak 

24  g-peak 

24  g-peak 

50  Hz,  ±18  g-peak 

21  g-peak 

23  g-peak 

2 

*-  a  =  B  d  +  2«v 
o 
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Figure  10.  Resultant  Transient  Due  to  the  Effect  of  the 
Table  Mass  and  Flexures  of  a  MB  210  Exciter 


Figure  11.  Type  B  Deceleration  System  Shutdown  Transient 
at  5  !!z ,  +0.64  g-peak 
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Figure  12.  Type  B  Deceleration  System  Shutdown  Transient 
at  10  Hz,  +2.5  g-peak 


Figure  13.  Type  B  Deceleration  System  Shutdown  Transient 
at  20  Hz,  +8.2  g-peak 


at  50  Hz,  +18  g-peak 
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Table  2  -  Type  B  Shutdown  Transient  Data 


Test  Level 

Shutdown  Transient 

Computed  * 

Actual 

5  Hz,  ±0.64  g-peak 

6.2  g-peak 

12  g-poak 

10  Hz,  ±2.5  g-peak 

8.1  g-peak 

13  g-peak 

20  Hz,  ±8.2  g-peak 

3.8  g-peak 

11.4  g-peak 

50  Hz,  ±18  g-peak 

2  .4  g-peak 

24  g-peak 

2 

*-a  *  B  d  +  2  «  v 
o 


Table  2  summarizes  the  shutdown 
transient  of  the  type  B  deceleration 
system.  The  actual  shutdown  tran¬ 
sient  is  compared  to  the  computed 
transient.  The  computed  transients 
are  lower  in  value  because  of  the 
armature  ringing  and  undamped  armature 
oscillations  generated  by  the  actual 
shutdown  event. 

CONCLUDING  REMARKS 

One  of  the  specification  require¬ 
ments  for  the  deceleration  systems  was 
that  the  deceleration  should  not  ex¬ 
ceed  the  test  level .  It  has  been  shown 
that  under  conditions  of  light  loads, 
low  frequencies  and  large  displace¬ 
ments,  that  this  is  not  possible  with 
either  type  A  or  type  B  systems.  With 
an  understanding  of  the  transient 
effect  of  the  table  mass  and  flexures, 
it  can  be  said  that  the  deceleration 
systems  are  quite  successful  in  reduc¬ 
ing  deceleration  transients  to  a  safe 
controllable  level. 


(2)  B  2 
o 


l 

LC 


.  .113P 

L  (Henries)  =  — - - 

Kf 

K  =  flexure  spring  constant, 
lb/in. 

F 

M  =  =  generated  force  to 

driver  coil  current, 
lb/amp. 

.  2.29x10~2W 

C  (farads)  =  ■ —  —X  - 
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W  =  W 
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W  ..  + 
coil 
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£*  = 
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F  (ohm)  =  the  total  damping 
resistance,  .  113m^ 


APPENDIX  A 


D  =  mechanical  damping  constant, 
lbs/in/sec 


Mobility  Analog  Formulas  for  the 
Vibration  Exciter  (1) ,  (2)  and  (3)  . 

(1)  -a  =  B  2d  +  2wv 
o 

where:  a,  d  and  v  are  the 
instantaneous  values  of  acceler¬ 
ation,  displacement  and  velocity 
at  the  time  of  shutdown. 
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DISCUSSION 


Mr.  Mutter  (Boeing  Co.):  Can  this  process 
be  used  on  a  random  signal  as  well  as  on  a  si¬ 
nusoidal  test? 

Mr.  Cook:  Yes,  it  can. 

Mr.  Mutter:  How  can  it  work  on  a  random 
signal,  if  control  is  mainly  on  displacement  ? 
How  do  you  distinguish  tne  level  through  the 
frequency  spectrum  on  a  random  test? 

Mr.  Cook:  The  system  looks  at  the  velocity 
and  at  the  displacement  when  using  the  random 
signal.  It  was  designed  to  do  this.  We  have  not 
done  much  testing  on  the  system  with  random 
signals.  But  is  was  designed  to  decelerate 
under  a  random  input. 


Mr.  Meza  (IBM  Corp.):  What  about  the 
reliability  of  the  overall  system?  We  are 
hanging  x  number  of  more  chassis  on  that 
amplifier. 

Mr.  Cook:  So  far  it  has  been  fair.  These 
number  one  systems  are  more  or  less  proto¬ 
type,  and  reliability  should  improve  as  further 
systems  are  manufactured. 


Mr.  Meza:  You  have  used  the  system  with 
random  though  ? 

Mr.  Cook:  Yes,  we  have  used  them  with 
random. 


CONTROL  TECHNIQUES  FOR  SIMULTANEOUS 
THREE-DEGREE-OF-FREEDOM  HYDRAULIC  VIBRATION  SYSTEM 


H.  D.  Cyphers  and  J.  F.  Sutton 
NASA,  Goddard  Space  Flight  Center. 
Greenbelt,  Maryland 


A  new  combined  environment  test  facility  known  as  the 
Launch  Phase  Simulator  (LPS) ,  is  now  in  operation  at  the  Goddard 
Space  Flight  Center.  Included  in  the  facility  is  a  vibration 
system  designed  to  simulate  the  low  frequency  mechanical  vibra¬ 
tions  experienced  by  spacecraft  during  the  launch  phase  of 
flight.  The  system  is  capable  of  operation  both  on  the  end  of 
a  large  centrifuge  arm  and  as  a  conventional  shaker  system 
mounted  on  a  fixed  reaction  mass. 


This  paper  discusses  the  operation  and  control  of  the 
vibration  system,  problems  relating  to  phase  and  amplitude 
control  of  the  shakers  for  sinusoidal  and  random  inputs,  and 
several  advanced  control  techniques  which  are  presently  under 
study. 

The  vibration  system  consists  of  five  electro-hydraulic 
actuators  mounted  in  a  configuration  which  permit  three-degree- 
of-freedom  motion,  corresponding  to  a  combination  of  longitu¬ 
dinal,  yaw,  and  lateral  vibration.  The  three  types  of  motion 
can  be  applied  independently  or  in  any  combination.  This 
system  employs  multiple-loop  feedback  servo  controllers  for 
actuator  control  and  completely  automated  input  functions  which 
enable  one  person  to  operate  the  complete  system.  Input 
sources  include  tape  recordings  of  actual  flights,  an  auto¬ 
matic  random  equalizer,  and  sinusoidal  generators. 

The  input  control  system  uses  the  latest  techniques  for 
automatic  amplitude,  phase,  and  cross  coupling  control.  It 
features  automatic  displacement  and  acceleration  level  control 
and  a  unique  shaker  galling  circuit  designed  to  detect  breakdown 
of  the  moving  actuator  lubricating  oil  film.  This  circuit  shows 
promise  as  an  aid  in  detecting  this  galling  phenomenon  which  has 
"long  plagued  hydraulic  shaker  designers  and  users. 


INTRODUCTION 

The  dynamic  environment  to  which  a 
spacecraft  is  exposed  can,  in  general, 
be  divided  into  three  categories: 
the  prelaunch  or  ground  handling 
environment,  the  launch  environment, 
and  the  orbital  environment.  During 
launch,  the  most  severe  environmental 
loading  conditions  often  occur  simul¬ 
taneously.  In  the  past,  simultaneous 
reproduction  of  all  of  these  condi¬ 
tions  has  not  been  attempted  because 
the  required  facilities  and  techniques 


didn't  exist.  Spacecraft  design  philos¬ 
ophies,  therefore,  have  been  limited  to 
single  environment  test  conditions, 
resulting  in  hardware  tailored  to  the 
simulated  test  conditions  rather  than 
to  the  real  environmental  conditions. 

During  launch  of  a  space  vehicle, 
the  severity  of  acoustic  noise-induced 
vibration  is  at  its  greatest.  At  the 
same  time,  the  liftoff  accelerations 
are  of  an  appreciable  magnitude,  as  are 
other  effects  such  as  pressure  and 
temperature  variations.  The  combination 
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of  mechanical  vibration  and  static  (non- 
vibratory)  acceleration  in  a  laboratory 
test  is  especially  difficult  and  was 
formerly  avoided  because  of  tne  complex 
nature  of  the  facility  required.  We 
arc  now  approaching  a  sophistication 
in  the  design  of  spacecraft  and  vehicles 
such  tha*.  the  specific  effects  of  com¬ 
bining  static  acceleration,  mechanical 
and  acoustic  vibration,  and  pressure 
can  nc  longer  be  ignored  in  evolving 
efficient  and  reliable  designs  for 
spacecraft  structures,  subas  amblies 
and  components.  Significant  effects 
can  be  produced  by  a  combination  of 
stresses  resulting  from  such  factors  as 
steady-state  structural  deformations 
which  modify  vibration  response  char¬ 
acteristics,  binding  or  friction  in 
mechanisms  causing  erratic  responses 
under  vibration,  and  additive  static 
and  vibratory  acceleration  causing 
overstressing  of  structures  and  com¬ 
ponents.  To  complicate  matters  further, 
additional  combinations  of  environmental 
stresses  such  as  those  produced  by 
temperature  and  pressure  can  increase 
the  physical  effects  that  must  now  be 
considered  in  simulating  the  launch 
environmental  conditions. 

An  advanced  combined  environmental 
test  facility  designated  as  the  Launch 
Phase  Simulator  (LPS)  is  now  operational 
at  the  Goddard  Space  Flight  Center  [1] . 
The  LPS  is  capable  of  simultaneously 
reproducing  the  major  launch  environ¬ 
mental  conditions;  i.e.,  static  accel¬ 
eration,  acoustic  noise,  pressure 
profile  (vacuum) ,  and  mechanical  vibra¬ 
tion  (low  frequency) .  Presented  here 
is  a  detailed  description  of  the 
envir>  ..mental  capabilities  of  the  three- 
degree-of-freedom  mechanical  vibration 
system  which  forms  a  part  of  the  LPS 
test  facility. 


System  Capabilities 

The  LPS  Vibration  System  produce-, 
three-degree-of-freedom  motion  (longi¬ 
tudinal,  lateral,  and  yaw)  from  0.5 
to  200  Hz  with  both  sinusoidal  and 
random  capability.  The  three  types  of 
motion  can  be  applied  independently  or 
in  any  combination.  This  system  is 
capable  of  operation  on  the  centrifuge 
arm  or  on  a  seismic  reaction  mass  loca¬ 
ted  off  of  the  arm  (offboard)  (Fig.  1) . 
The  maximum  sinusoidal  and  random 
vibration  capabilities  of  this  system 
are  as  follows: 


Sinusoidal  Vibration 

Longitudinal:  +  4g,  1  in.  double 

amplitude. 

Lateral:  +2g,  1  in.  double  amplitude. 

Yaw:  +10  rad/sec. 2  angular  acceleration 

0.015  radians  double  amplitude. 

Random  Vibration 

Longitudinal:  2.8  g-rms,  1  in.  double 

amplitude. 

Lateral:  1.4  g-ims,  1  in.  double 

amplitude . 

Yaw:  7  rad/sec. ^  rms  angular  accelera¬ 
tion,  0.015  radians  double 
amplitude , 


Design  capabilities  of  the  vibration 
syste-  when  mounted  on  the  seismic 
reaction  mass  are  identical  to  those 
for  tne  system  when  mounted  on  the 
centrifuge  arm  except  for  the  frequency 
range  which  is  1/2  -  200  Hz  for  the 
former  condition  and  5  -  100  Hz  for 
the  latter  condition.  The  system  can 
simulate  the  actual  environmental 
conditions  in  real  time  and  can  be 
operated  either  automatically  or 
manually. 

The  facility  can  accommodate  a  oay- 
load  or  spacecraft  configuration  that 
weighs  up  to  5000  lb.  and  is  contained 
in  an  envelope  10  Ft.  ir.  diameter  and 
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15  ft.  long.  This  space* raft  size  was 
based  on  the  dimensions  of  the  second 
generation  or  observatory  class  of 
unmanned  spacecraft. 


Detailed  Description 

The  vibration  system  consists  of 
a  configuration  of  five  electro-hydrau¬ 
lic  actuators  interconnected  with  two 
structural  tables,  such  that  three- 
degree-of- freedom  motion  is  possible. 
This  system  is  completely  housed  in 
a  structure  known  as  the  end  cap.  The 
end  cap  is  the  removable  part  of  the 
test  chamber  which  is  located  on  the 
end  of  the  rotating  arm  structure. 

Figure  2  illustrates  the  operation  of 
loading  the  end  cap  end  on  the  test 
chamoer  structure.  The  hydraulic 
power  supply  required  for  this  system 
is  located  in  the  pedestal  pit  beneath 
the  center  of  the  arm.  Hydraulic 
power  requirements  for  maximum  force 
output  with  simultaneous  motion  in  the 
three-degrees-of-freedom  is  300  gpm  at 
3000  psi.  The  hydraulic  fluid  is 
transferred  from  the  power  supply  to 
the  system  through  a  hydraulic  rotary 
joint  at  the  center  of  rotation  of  the 
arm  structure  and  is  routed  along  the 
arm  through  piping  to  the  vibration 
system  for  on-board  operation.  For 
offboard  operation,  the  hydraulic 
piping  is  routed  to  the  seismic 
reaction  mass  from  the  hydraulic  power 
supply  via  an  equipment  trench. 

The  multi-axis  motion  of  this 
system  on  the  centrifuge  arm  is  defined 
in  Figure  2  as  follows:  (a)  longitu¬ 
dinal  motion  is  rectilinear  motion 
along  the  x-ax.’S  or  thrust  axis  (longi¬ 
tudinal  axis  of  test  chamber  and  space¬ 
craft)  ;  (b)  lateral  is  rectilinear 
motion  along  the  z-axis;  and  (c)  yaw 
is  rotary  motion  in  the  horizontal  (x-z) 
plane  about  the  vertical  axis.  The 
motions  for  the  system  when  oriented  on 
the  seismic  mess  are  identical  except 
that  they  are  in  a  vertical  plane 
rather  than  the  horizontal  plane. 
Explanation  of  the  motion  capability 
requires  a  description  of  the  shaker 
arrangements:  four  actuators  are 

mounted  at  90  degree  intervals  around 
the  periphery  of  the  interior  of  the 
end  cap  structure.  There  is  a  lower 
vibration  table  which  is  attached  to 
the  moving  elements  (pistons'  of 
these  actuators.  When  these  four 
actuators  are  operating  in  phase, 
longitudinal  or  thrusting  motion  is 
produced.  When  two  opposite  actuators 


Figure  2.  Applications  Technology 
Satellite  During  Test 
Chamber  Loading  Operation 


of  this  system  are  operating  100 
degrees  out  of  phase,  yawing  motion 
is  produced.  An  upper  vibration  table 
structure  is  mounted  to  the  lower 
vibration  table  through  a  series  of 
hydrostatic  bearings  and  moves 
relative  to  the  lower  table  by 
virtue  of  imposed  motion  from  the 
fifth  actuator  located  within  the 
lower  table.  When  lateral  motion 
is  not  required,  the  upper  table  is 
held  stationary  by  means  of  a 
position  feedback  loop.  The  lower 
table  has  a  mechanical  locking 
feature  which  secures  the  table 
during  mounting  of  the  test  specimen 
and  subsequent  transportation  from 
the  offboard  seismic  mass  to  the  onboard 
(on  arm)  configuration.  Figure  3 
depicts  the  end  cap  (on  the  seismic 
mass)  with  the  lower  vibration 
table  being  lowered  into  place  and 
shows  the  coordinate  system  with 
x-axis  vertical  for  this  orientation. 
Shown  in  Figure  4  is  the  end  cap 
with  lower  vibration  table  removed 
and  upper  vibration  table  adjacent 
to  the  end  cap.  Note  three  of  the 
four  thrust-yaw  system  actuators  and 
the  vacuum  seal  (or ’boot”)  attached 
to  the  upper  table  structure. 
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Figure  3.  End  Cap  on  Seismic  Mass 
Showing  Lower  Vibration 
Table  During  Assembly 


Figure  4.  View  Looking  Down  on 
End  Cap  With  Lower 
Table  Removed 


CONTROL  SYSTEM 
Design  Considerations 

The  overall  design  of  the  LPS 
Vibration  Input  Control  System  is 
shown  schematically  in  Figure  5, 
and  embodies  the  results  of  exten¬ 
sive  model  studies  performed  at 
Goddard  [2]  as  well  as  the  techniques 
developed  and  used  by  other  test 
facilities  [3],  Because  of  the 


Figure  5.  Sinusoidal  Vibration 
Control  System 


three-fold  increase  in  control 
complexity  over  conventional  single 
degree-of-freedom  multi-shaker 
systems,  a  completely  automatic 
system  was  developed  for  control 
of  the  shakers.  The  vibration 
system  must  also  operate  in  con¬ 
junction  with  three  other  environ¬ 
mental  control  systems,  i.e., 
steady- state  acceleration,  vacuum 
(pressure  profile)  and  acoustic 
noise,  to  produce  a  real-time 
simulation  of  the  launch  environ¬ 
ment.  As  a  result,  these  factors 
added  much  co  the  complexity  of 
the  design  requirements  for  the 
control  system. 

The  following  typical  opera¬ 
tional  sequence  illustrates  the 
programming  capability  that  is 
required:  At  T=0  the  thrust  sys¬ 
tem  frequency  starts  sweeping  at 
a  given  sweep  rate.  Simultaneously, 
at  T=0  or  at  later  (preprogrammed) 
times  the  yaw  and  lateral  systems 
begin  similar  preprogrammed  test 
sequences.  (Note:  the  yaw  and 
lateral  sweep  rates  and  amplitude 
variations  may  or  may  not  be  the 
same  as  the  thrust  system  sweep  rates 
and  amplitude  variations.)  Time 
T=0  is  dictated  by  the  time  of 
occurrence  of  the  specified  vibration 
in  the  overall  combined  environ¬ 
mental  test.  This  may  correspond 
to  liftoff,  max  Q,  transonic 
buffeting,  or  engine  firings  in 
space . 
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The  input  control  parameters 
are  most  often  defined  in  terms  of 
vibratory  acceleration  levels 
obtained  at  interfaces  between 
major  structural  elements.  A  simu¬ 
lation  of  the  flight  environment 
can  be  obtained  by  applying  vibra¬ 
tional  excitation  to  the  structure 
at  these  interfaces  and  controlling 
the  levels  at  these  points  to  match 
those  encountered  in  flight.  With 
this  in  mind  some  of  the  practical 
limitations  in  achieving  true  flight 
vibration  simulation  should  be 
pointed  out: 

1.  Control  systems  are  generally 
limited  to  a  specific  number 
of  control  sensor  points. 

The  behavior  of  the  specimen 
between  these  points  is  depen¬ 
dent  upon  fixture  and  table 
design  and  selection  of  the 
control  points.  By  choosing 
these  points  through  both 
analytical  and  empirical 
means,  the  vibration  between 
the  control  points  will  be 
somewhat  predictable. 

2.  Hydraulic  actuators  are 
inherently  non-linear  devices 
with  frequency,  load,  and  time 
dependent  phase  shift  character¬ 
istics. 

3.  Whenever  multiple  shaker 
excitation  is  used,  energy 
crossfeed  between  shakers  can 
cause  control  problems  at  some 
frequencies.  This  occurs  due 
to  the  fact  that  at  certain 
frequencies  the  specimen  and/ 
or  fixture  will  tend  to  vibrate 
in  its  natural  mode  shape  in 
violation  of  ;he  specification 
test  levels  and  phase  relation¬ 
ships.  Trouble  occurs  when¬ 
ever  the  coupled  vibration 

from  one  Jriven  point  to  another 
exceeds  the  level  desired  at 
the  second  point. 

4.  The  shaker-plus-fixture  system 
usually  presents  a  mechanical 
impedance  very  different  from 
that  of  the  interfacing  launch 
vehicle.  In  the  case  of  the 
LPS  system,  a  large  table  mass 

of  8000  lb.  compared  to  a  maximum 
payload  mass  of  5000  lb.  combined 
with  the  inherent  stiffness  of  a 
hydraulic  shaker  system  present 
an  extremely  high  impedance  to 
the  specimen. 


In  view  of  the  above  factors,  the 
design  goal  was  to  develop  a  control 
system  which  would:  (a)  permit 
selection  of  one  or  more  control 
points;  (b)  compensate  for  the  load 
and  frequency  dependent  character¬ 
istics  of  the  actuators;  and  (c) 
employ  cross-coupling  control 
techniques  in  order  to  minimize 
interaction  of  the  extremely  close- 
coupled  system.  The  resultant 
system  should  provide  a  well 
controlled  input  with  a  very  high 
impedance  at  the  plane  of  the  space¬ 
craft  attachment  incerface. 


GENERAL  DESCRIPTION 

The  vibration  input  control 
system  as  shown  schematically  in 
Figure  5  generates  sinusoidal 
voltages  and  receives  signals  pro¬ 
portional  to  accelerations  and 
displacements  of  the  actuators. 

In  addition,  it  accepts  external 
signals  from  either  a  tape  recorder 
or  random  equalizer.  The  system 
consists  of  Spectral  Dynamics  (SD) 
amplitude  control  and  Chadwick- 
Helmuth  (C-H)  phase  control  equip¬ 
ment.  This  combination  was  chosen 
because  it  lends  itself  to  complete 
automation,  incorporation  of  the 
necessary  protective  features  and 
provides  maximum  control  loop 
stability.  The  signal  input  source 
(tape,  sine,  or  random)  is  selected 
by  means  of  a  patch  panel.  From 
there  the  signal  goes  through  the 
master  control  panel  which  contains 
automatic  level  controls,  individual 
actuator  level  controls,  and  a 
master  control.  The  automatic  level 
controls  allow  any  number  of  actua¬ 
tors  to  be  brought  on  line  slowly 
to  a  level  40  db  down  from  the 
operating  level.  This  point  permits 
the  control  lcop  to  be  established 
(in  compression)  and  all  the  pertinent 
parameters  to  be  checked  immediately 
prior  to  testing.  At  test  initiate 
the  automatic  level  control  will 
bring  all  controllers  out  of  compres¬ 
sion  simultaneously  at  a  controlled 
rate.  The  system  is  then  ready  to 
accept  amplitude  control  signals. 

Amplitude  Control 

Once  the  operating  level  is 
reached,  the  sinusoidal  signal 
generator  frequency  sweep  circuits 
are  energized.  The  frequency  analog 
output  of  the  generators  in  turn 
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drives  the  level  programmers .  The 
same  sequence  is  repeated  for  each 
of  the  three  axes.  The  Model  SD104 
sine  generator  cont'Jls  the  duration 
of  the  test  for  all  input  sources 
(tape,  sine,  or  random)  since  it 
drives  the  x-axis  of  the  level  program¬ 
mers. 

The  block  diagram  of  Figure  5 
shows  a  total  of.  seven  SD104  servo 
controllers.  One  is  for  control  of  the 
lateral  or  transverse  actuator,  four 
are  for  thrust  control,  and  the  remain¬ 
ing  two  are  for  yaw  control.  All  con¬ 
trol  is  done  on  the  fundamental 
frequency  component  of  the  control 
signal . 

A  typical  normalized  accelero¬ 
meter  feedback  signal  from  a  charge 
amplifier  receives  some  amplification 
in  the  SD105,  it  is  then  routed  to 
the  Model  CH500  Phase  and  Amplitude 
multiplier  chassis.  The  Model  CH500 
extracts  the  fundamental  acceleration 
signal  by  analog  multiplication 
techniques.  A  voltage  proportional 
to  the  fundamental  amplitude  is 
applied  directly  to  the  SD105 
compressor  (amplitude  servo)  to 
maintain  the  vibration  level  con¬ 
stant  and  independent  of  distortion 
components.  Note  that  the  amplitude 
controls  employ  signals  which  have 
been  effectively  filtered  by  use  of 
analog  multiplication.  If  narrow 
bandwidth  tracking  filters  had  been 
employed  instead  of  the  multipliers, 
additional  time  constants  equal  to 
the  reciprocal  of  the  filter  band¬ 
width  would  have  been  added  to  the 
system.  This  could  cause  instability 
under  certain  conditions. 


The  fundamental  yaw  acceleration 
component  is  detected  by  the  multi¬ 
pliers  from  the  accelerometer 
signals  obtained  from  the  90°  and 
270°  hydraulic  actuators  which  excite 
both  yaw  and  thrust  motion.  The 
yaw  signal  is  then  controlled  for 
amplitude  and  phase  separately  and 
summed  with  the  thrust  signal  at 
the  power  amplifier  input.  The 
thrust  signal  components  are  handled 
in  similar  fashion. 

Level  programmers  control  the 
scale  factors  applied  to  the  accelero¬ 
meter  signals  for  each  axis  and 
thus  determine,  together  with  the 
SD105  settings,  the  vibration  level 
for  each  axis.  Displacement  control 
is  obtained  either  by  double  integra¬ 
tion  of  the  accelerometer  signal 
or  by  using  displacement  signals 
which  are  generated  by  transducers 
mounted  directly  on  the  actuators. 

This  actuator  displacement  signal 
and  an  additional  slave  feedback 
signal  are  normally  used  only  in 
instantaneous  servo  loops  for 
actuator  positioning  and  servo 
valve  damping. 


Phase  Control 

The  desired  phase  relationships 
among  all  actuators  are  controlled 
automatically  by  the  Model  CH  500-7AS 
Phase  Control  System.  Phase  sensing 
is  accomplished  by  analog  multiplica¬ 
tion  of  the  accelerometer  signal  and 
the  undistorted  reference  sine  wave 
at  the  generator  frequency.  This 
analog  multiplication  gives  a  control 
voltage  proportional  to  the  phase 


TABLE  I 

I 

RATE  OF  PHASE  SHIFT  FOR  STRUCTURAL  RESONANCES 


Time  to  Sweep 
20-2000  cps 

Generator 
Sweep  Rate 
Degrees/Min. 

(Phase  Shift  Degrees/Second) 

Q=5 

Q=10 

Q=20 

Q=50 

Q=100 

29  min. 

5 

1.7 

3.3 

msm 

17 

33 

14  min. 

10 

3.3 

6.7 

33 

65 

7  min. 

20 

6.7 

13.0 

65 

133 

4  min. 

40 

13.0 

27.0 

Bafl 

133 

270* 

2  min. 

80 

27.0 

53.0 

110.0 

270* 

540* 

*  Too  fast  for  180°/second  maximum  speed  of  500  systems 
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(out  of  phase  component)  o  the  two 
sigiials  with  rejection  <if  narmonics, 
noise,  hum,  or  other  signals  not 
at  or  very  near  the  shaker  frequency. 
This  control  voltage  is  used  as  an 
error  signal  by  the  phase  servo. 

The  servo  then  shifts  the  phase  of 
the  fundamental  drive  frequency  to 
the  actuator  in  the  proper  direction 
to  bring  the  actuator  into  the  desired 
phase  relationship  with  the  others. 
Front  panel  adjustments  allow  the 
actuators  to  operate  in  phase,  or 
permit  selecting  any  desired  phase 
offset,  relative  to  the  reference 
actuator  motion.  For  each  actuator, 
a  phase  error  meter  indicates  any 
deviation  from  the  desired  phase. 

Table  I  shows  rates  of  phase  shift 
for  structural  resonances  and  the 
control  capability  of  the  phase 
control  system. 


Random  Control 

Present  plans  for  the  provision 
of  random  control  equipment  for  the 
tPS  vibration  system  include  an 
80-channel  automatic  random  equaliza¬ 
tion  system  and  a  multi-channel  random 
averager.  '  This  equipment  will  be 
operated  in  conjunction  with  the 
sinusoidal  control  system  to  average 
the  four  thrust  accelerometer  signals 
and  feed  the  average  PSD  spectrum  and 
level  data  into  the  automatic 
equalizer.  The  random  console  adjusts 
the  input  signal  to  provide  proper 
equalization  of  accelerometer  signal 
levels  within  each  filter  baud  as 
required  by  the  test  specification. 

The  overall  random  drive  to  each 
shaker  is  controlled  by  a  Data- 
trak-SD105  combination  in  the  same 
manner  as  are  the  sine  inputs. 

(See  Figure  6) .  (Note:  The  Data- 
trak  is  essentially  a  device  for 
following  a  pre-plotted  curve.) 


Figure  6.  Present  Random 
Control  System 


Cross-Coupling  Compensation 

Both  amplitude  and  phase 
control  can  be  defeated  by 
high-Q  resonances  in  the  structure 
between  the  drive  points.  For 
instance,  with  resonance  amplifica¬ 
tion  of  input  from  the  principal 
or  master  shaker,  a  greater  "g" 
level  than  desireci  may  appear  at 
the  drive  point  of  a  particular 
slave  actuator.  This  condition 
depends  on  the  mechanical. impedances 
of  the  test  structure  and  fixture, 
and  of  the  shaker  table.  Should 
resonances  occur,  the  compressor 
circuit  at  the  slave  actuator  can 
decrease  drive  to  zero.  The  test 
objective  for  "g"  input,  then,  cannot 
be  met,  and  phase  control  is  also 
lost  since  there  is  no  slave  actuator 
drive  to  control. 

One  (impractical)  solution  to 
this  problem  is  to  control  manually 
through  the  resonant  frequencies,  i  he 
operator  adjusts  the  amount  of  drive 
from  the  oscillators  (compressor  off) , 
and  the  phase  of  drive  from  the  phase 
control  unit  (servo  off)  until  return 
to  automatic  control  is  possible. 

Another  solution  is  to  study 
the  structural  behavior  at  the 
resonant  frequencies,  determine 
"cause  and  effect"  paths  (e.g. 
drive  at  actuator  "a"  causes  largest 
response  at  shaker  "b"  accelerometer) , 
and  program  for  exchange  of  accelerom¬ 
eter  signals  and  control  channels  at 
these  frequencies.  This  approach 
works  well  with  a  two-channel  system, 
but  for  a  more  complex  system,  the 
exchange  becomes  very  complicated 
and  impractical  to  program. 

One  general  approach  toward  stabili 
zation  of  an  "N"  channel  system  is  to 
generate  "N"  bias  "test  frequency" 
signals  which  are  directly  applied 
to  the  drive  signal  input  for  each 
channel,  (i.e,,  not  through  the  phase 
and  amplitude  control  system) .  These 
bias  signals  are  approximately  the 
electrical  equivalent  to  (but  opposing) 
the  structural  cross  coupling  between 
drive  points.  Operation  of  the  Model 
CH532  Cross  Coupling  Compensator 
is  based  upon  this  general  approach, 
but  with  an  added  practical  advantage 
of  very  uncritical  bias  value  (ampli¬ 
tude  and  phase) .  This  advantage  is  a 
result,  in  part,  of  the  use  of 
multipliers  for  detaction  of  vibration 
amplitude  and  phase  (in-phase  and 
out-of-phase  components  rather  than 
magnitude  and  phase  angle.) 
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The  LPS  control  system  contains 
two  model  Ch532  cross-coupling 
compensation  systems;  a  four-channel 
unit  for  thrust  interactions  and  a 
two-channel  unit  to  correct  for  yaw 
interactions. 

Safety’  Features 

The  testing  of  expensive  space¬ 
craft  hardware  requires  that  every 
precaution  be  exercised  in  order  to 
insure  that  environment.,  tests  are 
performed  correctly.  Therefore,  it 
is  necessary  to  ascertain  chat  the 
setup  prior  to  test  is  correct  and 
that  once  the  test  is  begun,  any 
malfunctions  will  subject  the  specimen 
to  levels  lower  than  the  specification 
levels.  The  input  control  system  has 
several  modes  of  operation.  A  brief 
description  of  these  is  given  below: 

Pretest  checkout  of  the  vibration 
input  control  system  is  accomplished 
by  means  of  a  Preset  Mode.  In  this 
mode,  the  control  loop  is  connected 
directly  from  the  servo  controller 
(SD105)  output  to  the  accelerometer 
input.  This  permits  checking  the 
input  control  system  from  Initiate 
through  Shut  Down.  The  control  system 
is  interlocked  so  that  prior  to  se¬ 
lecting  Operate  Mode  all  gain  settings, 
program  limits,  pressures,  etc.,  must 
be  established.  In  the  Operate  Mode, 
just  prior  to  test  initiation,  the 
system  is  placed  in  automatic  operation 
and  a  signal  is  inserted  which  will  hold 
the  system  approximately  40  db.  below 
the  preset  test  level.  This  condition 
allows  the  table  and  specimen  to  be 
centered  and  the  control  feedback 
loops  to  be  closed. 

There  are  several  circuits  which 
are  designed  to  protect  the  spacecraft 
once  the  test  is  initiated.  Shutdown 
of  the  compressors  at  a  predetermined 
rate  will  occur  if:  (1)  there  is  a 
loss  of  any  accelerometer  control 
signal;  (2)  a  switch  is  changed; 

(3)  a  component  fails;  or  (4)  a  pre¬ 
set  level  of  acceleration  is  exceeded. 

In  addition,  emergency  stop  buttons 
located  at  various  points  in  the  system 
are  available  to  initiate  smooth, 
rapid,  automatically  sequenced,  transi¬ 
ent  free  shutdown  of  the  entire 
facility. 

Because  the  LPS  vibration  system 
is  completely  enclosed  with  the  end 
cap  with  all  actuators  permanently 
connected  to  the  tables,  a  means  of 
detecting  incipient  galling  (break¬ 
down  of  the  lubricating  oil  film 
between  moving  parts)  was  developed. 


This  system  consists  of  accelerometers 
mounted  on  the  hydraulic  actuators, 
amplifiers,  monitoring  loud-speakers, 
and  oscilloscopes.  The  system  detects 
the  high  frequency  'greater  than  500  Hz) 
noise  which  is  typical  of  increased 
friction  between  parts  and  gives  a 
visual  and  audible  warning  of  light 
galling  allowing  immediate  shutdown  for 
prevention  of  costly  severe  galling. 


Figure  7.  Acceleration  Time  History 
of  Galling  Response 


Figure  7  is  a  photograph  of 
the  output  of  an  accelerometer 
mounted  directly  on  a  hydraulic 
actuator  during  a  2  Hz  sinusoidal 
dwell.  The  plots  of  Figures  8  and  9 
show  the  Fourier  spectrum  power 
spectral  density  (PSD)  and  probability 
density  (PDA)  of  the  galling  and 
non-galling  portions  of  a  cycle. 

Note  the  relative  magnitudes  of 
the  Fourier  and  PSD  plots.  For 
quick  detection  of  incipient  galling, 
such  data  analysis  is  not  necessary. 

The  characteristic  rasping  sound 
heard  when  the  signal  is  reproduced 
via  a  loudspeaker  is  very  effective 
for  this  purpose.  The  skewr.ess  of  the 
PDA  and  the  "one-sided”  characteristics 
of  Figure  7  are  due  to  data  recording 
problems . 


PLANS  FOR  FUTURE  DEVELOPMENT 

Such  techniques  as  control 
from  points  on  the  spacecraft  above 
the  table  level,  improved  random 
control,  impedance  control,  automatic 
cross -coupling  compensation,  and 
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Figure  8.  Fourier  Spectrum,  Power  Spectral  Density,  Probability  Density  Analysis 
of  Galling  Response 


Figure  9.  Fourier  Spectrum,  Power  Spectral  Density,  Probability  Density  Analysis 
of  Non-Galling  Response 


digital  computer  control  are  under  Random  Phase  Control 

consideration. 


Spacecraft  Control  Points 

Provisions  have  been  made  in 
the  present  system  to  permit  control 
of  the  acceleration  level  at  points 
on  the  spacecraft  other  than  at  the 
interface.  This  type  of  control 
will  consist  of  selecting  one  or 
more  points  to  be  controlled  on  the 
spacecraft  structure,  feeding  signals 
obtained  at  these  points  into  a 
phase  insensitive  multi-channel 
averager  and  then  introducing  the 
resulting  average  signal  into  the 
control  system  via  a  variable  gain 
amplifier.  This  signal  will  be  intro¬ 
duced  in  a  manner  which  will 
enable  the  svstem  to  control  to  the 
required  amplitude  level  on  the  space¬ 
craft  and  yet  maintain  the  proper 
phase  and  amplitude  relationships  at 
the  interface. 


Preliminary  studies  at  Goddard 
and  elsewhere  [5]  indicate  a  need  for 
phase  control  of  random  signals  applied 
to  multiple-shaker  systems  because 
hydraulic  actuators  are  non-linear 
devices  with  phase  shift  character¬ 
istics  which  are  apparently  functions 
of  temperature,  contamination  of  the 
hydraulic  fluid,  and  of  specimen 
mechanical  impedance.  In  the  case 
of  a  common  random  input  to  two  or 
more  shakers,  a  condition  could  exist 
in  which  one  actuator  would  be  moving 
up  when  another  would  be  moving  down. 

In  multiple-shaker  configurations 
such  performance  could  cause  large 
stresses  on  fixtures  and  introduce 
undesirable  yaw  components  into  pure 
thrust  tests. 

The  random  excitation  control 
system  under  consideration  consists 
of  a  modified  80-channel  automatic 
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equalizer.  This  modified  system 
provides  five  independent  automatic 
equalizer  and  analyzer  controls,  each 
covering  a  200  Hz  bandwidth.  This 
arrangement  will  provide  16  filters, 
each  having  a  12.5  Hz  bandwidth. 

This  modification,  to  incorporate 
phase  control,  may  take  the  form  of 
a  set  of  variable  delay  lines  or 
employ  the  use  of  heterodyne  techniques. 
Operation  of  one  possible  phase 
control  system  (Figure  10)  is  as 
follows:  Wide  band  random  ■'ise  is 
fed  to  a  balanced  modulator  where 
it  is  modulated  by  a  100  kHz  carrier. 

The  resulting  signal  is  passed  through 
a  bank  of  narrow  bandwidth  filters 
and  demodulated  again.  In  the  demodu¬ 
lation  process,  however,  voltage- 
variable  crystal  controlled  oscillators 
are  used  so  that  servo-controlled 
phase  shift  may  be  introduced  into 
the  forward  signal  path  of  each  narrow 
band  of  noise.  The  demodulated  signals 
are  recombined  and  fed  to  the  actuators. 
The  feedback  accelerometer  signals 
are  heterodyned  with  the  100  kHz 
carrier  and  narrow  band  filtered  so 
that  the  average  phase  angle  between 
the  two  10  Hz  components,  the  two  20  Hz 
components,  etc.,  can  be  measured. 

The  resulting  DC  signals  are  used 
to  close  the  phase  control  loops. 
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Figure  10.  Block  Diagram  of 
Proposed  Random 
Phase  Control  System 


"Phase"  in  the  application  dis¬ 
cussed  here  refers  to  the  phase 
angles  between  the  outputs  of  two 
nearly  identical  narrow  bandwidth 
filters.  For  random  noise  inputs, 
the  narrow  band  random  outputs  have 
the  appearance  of  randomly  amplitude- 
modulated  sinusoids.  The  "frequency" 
of  the  output  signal  is  well  enough 
defined  so  that  DC  "average”  phase 
can  be  derived.  Figure  li  depicts 


the  appearance  of  two  nearly  identical 
narrow-band  signals  maintained  approxi¬ 
mately  at  0°,  90°,  and  180“  relative 
phase  angle.  In  the  two-actuator 
system  described  here,  if  the  two 
JO  Hz  components,  the  two  20  Hz 
components,  etc.,  are  all  maintained 
in  phase  in  pairs,  then  the  net  result 
when  the  two  complete  sets  of  narrow 
band  signals  are  recombined  will  be 
"in  phase"  i.e.,  both  actuators  will 
move  up  and  down  in  unison. 
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Figure  11.  0®,  90°,  100“  Phase 

Relationships  of  Random 
Signals 
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Impedance  Control 

In  most  practical  situations, 
the  impedance  at  a  point  is  a  complicated 
function  of  frequency,  with  resistive 
and  reactive  effects  becoming  dominant 
alternately  in  continuing  succession 
as  the  frequency  is  increased.  To 
date,  most  impedance  control  work  has 
been  done  using  sinusoidal  inputs. 

A  technique  which  holds  promise  for 
impedance  control  with  random  inputs 
consists  of  adding  a  force  gage  signal 
in  a  parallel  feedback  path  with  an 
accelerometer  signal.  When  this  force 
signal  is  fed  to  individual  phase  and 
amplitude  weighting  controls  and  then 
summed  with  the  accelerometer  signal, 
the  random  equalizer  is  able  to  adjust 
the  acceleration  spectrum  as  required 
by  the  interaction  of  the  test  specimen 
with  the  interface  impedance.  This 
argument  is  developed  in  greater 
detail  in  Reference  5. 

As  the  mechanical  impedance 
problems  involved  in  a  multi-degree- 
of-freedom  vibration  simulation 
problem  are  more  complicated  that 
those  for  a  single-degree-of-freedom 
situation,  this  technique  will  probably 
not  be  applied  to  the  LPS  until  it 
has  been  successfully  applied  to 
simpler  systems. 


CONCLUDING  REMARKS 

This  vibration  control  system: 

(1)  permits  selection  of  any  desired 
control  point  or  point;  (2)  compensates 
for  the  ’oad  and  frequency  dependent 


characteristics  of  the  individual 
actuators;  (3)  employs  advanced 
cross-coupling  control  techniques 
to  minimize  shaker  interaction;  and 
(4)  incorporates  all  necessary 
protective  features  along  with 
completely  automated  control.  Thus, 
the  resultant  system  provides  a  well- 
controlled  three-degree-of -freedom 
input  motion  at  the  plane  of  the 
spacecraft  attachment. 
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DISCUSSION 


Mr.  Otto  (Sandia  Corp.):  What  type  aver¬ 
ager  did  you  use  ? 

Mr.  Cyphers:  This  is  an  Unholtz-Dickie. 

Mr.  Otts:  With  random  signals  on  two 
axes,  have  you  considered  the  use  of  dual 
equalization?  In  other  words,  equalizing  one 
axis  with  one  equalizer,  the  other  axis  with 
the  other? 

Mr.  Cyphers:  Yes.  The  paper  discusses 
in  some  detail  a  system  in  which  we  arc  very 
much  interested,  which  would  take  a  conven¬ 
tional  80  channel  system,  divide  it  into  5  sep¬ 
arate  random  equalization  systems,  each  con¬ 
taining  16  filters  at  12-1/2  cycle  bandwidths, 
up  to  200  cycles.  This  would  provide  all  the 
capability  of  a  single  system  for  each  actuator 


Mr.  Otts:  Are  you  going  to  equalize  one 
channel  at  a  time  with  the  others  down,  or  are 
you  going  to  attempt  to  equalize  simultaneously? 

Mr.  Cyphers:  I  think  on  this  closely  coupled 
system  we  would  have  to  do  it  mostly  simulta¬ 
neously.  They  are  solidly  attached  to  each 
other  as  you  saw  by  the  lower  table  and  they 
would  have  to  be  done  in  conjunction  with  one 
another. 

Mr.  Otts:  Then  you  are  just  going  to  live 
with  the  cross  coupling  and  in  certain  fre¬ 
quencies  you  are  going  to  be  out  of  spec,  is 
this  true? 

Mr.  Cyphers:  We  have  not  even  thought 
about  cross  coupling  under  random  control  yet. 


33 


INITIAL  REPORT  ON  EQUIVALENT  DAMAGE  MEASUREMENT 
BY  UTILIZING  S/N  FATIGUE  GAGES* 


Thomas  B.  Cost 
Naval  Weapons  Center 
China  Lake,  California 


Code  5517>  Quality  Engineering  Division,  Central  Engineering  Test  Branch, 

Naval  Weapons  Center,  China  Lake,  California,  has  successfully  utilized 
S/N  Fatigue  Gages  for  ascertaining  structural  degradation  induced  in  miosile 
body  structures  during  road  transportation  tests  and  cross  country  transport¬ 
ation  tests .  The  results  indicate  a  reliable  and  simplified  method  for  corre¬ 
lating  field  induced  damage  to  laboratory-controlled  equivalent  damage  tests 
can  be  developed  by  utilizing  fatigue  gages. 


INTRODUCTION 

The  purpose  of  this  paper  is  to  des¬ 
cribe  a  method  that  was  recently  used  by 
personnel  at  NWC,  China  Lake,  California 
for  determining  the  amount  of  structural 
damage  incurred  by  the  Chaparral  missile 
during  road  tests  on  the  XM-37O  self  pro¬ 
pelled  launcher  at  Aberdeen  Proving  Ground, 
Aberdeen,  Maryland.  The  results  of  this 
investigation  indicate  that  the  measure¬ 
ment  of  field  incurred  fatigue  damage  can 
be  achieved  by  the  utilization  of  fatigue 
gages  and  this  damage  can  be  related  to 
laboratory  induced  fatigue  damage.  The 
utilization  of  this  uncomplicated  method 
of  fatigue  damage  measurement  opens  a  new 
dimension  in  equivalent  damage  test  design 
and  test  evaluation. 

THE  S/N  FATIGUE  GAGE 

Heretofore,  the  determination  of 
accumulated  fatigue  damage  has  been  largely 
speculative  in  nature  due  to  the  lack  of  an 
effective,  uncomplicated,  and  reliable 
method  of  fatigue  damage  measurement  that 
would  lend  itself  to  practical  application 
outside  the  laboratory.  A  good  deal  of 
fatigut  damage  investiation  has  been  done 
with  methods  using  ultra-sonic  devices, 


eddy  current,  devices,  and  magnetic  devices. 
These  are,  f'  r  their  purposes,  quite  often 
very  useful.  They  are,  however,  somewhat 
complicated,  require  some  rather  sophisti¬ 
cated  electronics,  and  cfch  be'  rather  diffi¬ 
cult  to  utilize  under  field  conditions. 

The  fatigue  gage  discussed  in  this 
paper  was  developed  by  Mr.  Darrel  R. 

Harting  of  the  Boeing  Aircraft  Company  in 
I96L  and  is,  in  essence,  a  strain  gage  that 
develops  an  irreversible  resistance  change 
directly  correlated  to  fatigue  damage  when 
it  is  subjected  to  cyclic  strains.  Al¬ 
though  resistance  changes  occur  in  the  gage 
at  strain  levels  below  000  or  900  jjB,  these 
changes  ore  very  small  and  the  gag'  appears 
to  "saturate"  or  fail  to  charge  resistance 
when  subjected  to  these  low  strains.  As 
the  strain  levels  increase,  the  resistance 
changes  alsc  increase.  These  resistance 
changes  can  be  directly  correlated  to  the 
induced  pre-crack  fatigue  damage  in  a 
specimen.  The  resistance  change  for  a 
particular  fatigue  gage  is  a  function  of 
the  strain  level  environment  experienced 
by  the  gage.  The  results  from  tests  with 
cyclic  strain  about  a  zero  mean  strain 
arc  essentially  the  same  as  those  from 
tests  with  cyclic  strain  levels  above  zero 
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mean  strain.  A  complete  and  detailed 
evaluation  of  these  and  other  charactei- 
iotics  of  this  type  of  fatigue  gage  are 
found  in  references  1  and  2  and  need  not 
be  reiterated  here.  It  should  be  stated, 
however,  that  these  gages,  unlike  conven¬ 
tional  strain  gages,  do  not  require  con¬ 
tinuous  monitoring.  The  gages  may  be 
monitored  periodically  during  a  test  and 
resistance  changes  can  be  detected  by 
resistance  sensing  devices  wioh  resolu¬ 
tions  of  0.01  to  0.001  ohm.  Because  the 
S/N  fatigue  gage  possesses  these  attri¬ 
butes  together  with  the  ease  of  appli¬ 
cation  and  relatively  low  cost  found  in 
most  strain  gages,  it  was  selected  by 
Code  5517>  Central  Engineering  Test 
Branch,  Quality  Engineering  Division,  NWC 
China  Lake  for  measuring  the  fatigue 
damage  incurred  by  the  Chaparral  missile 
while  transported  on  the  XM  370  self  pro¬ 
pelled  launcher. 


TEST  PHILOSOPHY 

Theoretical  structural  analysis 
of  the  Chaparral  miBSile,  as  described 
in  reference  3,  together  with  structural 
load  tests  conducted  by  Code  5517  NWC, 
described  in  reference  4,  disclosed  that 
if  a  serious  structural  pr jblem  existed 
on  the  Chaparral  missile,  It  would  be  at 
the  motor  tube-warhead  intejface.  Fig.  1 
shows  the  warhead  motor  tube  interface. 
Tills  enlarged  cross-section  view  of  the 
warhead  and  motor  tube  clamp  ring  grooves 
shows  how  possible  stress  concentrations 
could  exist  at  the  radius  on  the  bottom 
of  the  grooves.  These  data  predicated  the 
location  of  the  gages  as  shown  in  fig.  1. 
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Figure  1.  Chaparral  Missile 
With  Cross-Section  View  of 
Warhead-Motor  Tube  Interface 


It  was  postulated  that  even  though 
a  fatigue  gage  could  no*'  be  mounted  on 
the  radius  at  the  bottom  of  the  clamp 
ring  grooves,  a  gage  could  be  mounted 
Immediately  adjacent  to  the  radius  and 
would  be  In  a  relatively  high  strain 
field  If  such  a  field  existed  at  the 
radius.  A  correlation  could  then  be 
achieved  between  the  resistance  changes 
Incurred  during  the  transportation  tests 
and  those  Incurred  during  fatigue  tests 
to  failure  that  could  be  conducted  in  the 
laboratory. 

ROAD  AND  CROSS  COUNTRY  TESTS 

Twelve  Chaparral  missiles  were  in¬ 
strumented  as  follows  for  the  road  and  cross 
country  tests :  Two  each  FNA-06  fatigue 
gages  were  mounted  on  the  bottoms  of  the 
clamp  ring  grooves  at  positions  ±90°  from 
the  hangers  whereby  the  gages  would  see 
maximum  strains  either  in  compression  or 
In  tension.  Two  each  FNA-02  fatigue  gages 
were  mounted  on  the  outside  of  the  motor 
tube-warhead- clamp  ring  at  similar 
positions  relative  to  the  hangers  as  those 
on  the  bottom  of  the  grooves.  The  backing 
on  the  gages  usea  on  the  oottom  of  the 
grooves  was  trimmei  as  close  as  possible 
to  the  gri-’  In  order  to  permit  locating 
the  gage  adjacent  to  the  sharp  radius  at 
bottom  of  the  grooves. 


The  Chaparral  missiles  were  then 
loaded  on  the  XM-370  self  propelled 
launcher  with  four  missiles  loaded  on  the 
launcher  rails  and  eight  missiles  loaded 
in  the  storage  compartments .  The  missiles 
were  changed  from  storage  rack  to  launcher 
rails  at  periodic  intervals  during  the 
test  to  equalize  input  vibration  loadings 
on  each  missile.  The  self  propelled 
launcher  completed  5000  mile6  of  road 
transportation  plus  1600  miles  of  cross 
country  transportation  at  Aberdeen  Proving 
Ground,  Aberdeen  Maryland. 

LABORATORY  TESTS  TO  FAILURE 

The  laboratory  fatigue  tests  to 
failure  were  conducted  on  5  standard 
motor  tubes  sections  and  inert  warheads 
and  on  3  modified  motor  tube  sections 
and  inert  warheads.  The  standard  and 
modified  motor  tubes  are  compared  in 
figure  2.  The  sharp  radius  at  the  base 
of  the  motor  tube  clamp  ring  groove  has 
been  removed  in  the  modified  tubes. 
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Figure  2.  Comparison  Between  Standard 
and  Modified  Motor  Tube  Groov'S 
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TEST  RESULTS 


The  fatigue  gage  data  for  the  warhead- 
motor  tube  Joint  collected  during  the 
road  tests  are  shown  In  figure  5-  These 
are  frequency  distribution  plots  of  the 
resistance  changes  for  the  fatigue  gages 
located  in  the  motor  tube  clamp  ring 
grooves  and  in  the  warhead  clamp  ring 
grooves.  As  can  be  seen,  the  resistance 
changes  are  low  in  magnitude.  The 
average  resistance  change  in  the  gages 
on  the  motor  tubes  is  0.1l6-ohm  and  the 
average  resistance  change  on  the  warheads 
is  0.0  96  ohms. 


The  ±100  to  ±£00  u-in/in  strain 
on  the  warheads  in  the  laboratory  tests 
was  too  low  to  induce  detrimental  fati¬ 
guing.  The  gages  on  these  warheads 
"saturated"  or  stabilized  very  early  in 
the  tests  with  resistance  changes  of  0.0b 
to  0.?0-ohm6  which  compare  favorably  with 
the  data  from  •'he  road  tests. 

The  fatigue  gage  data  for  the  gages 
or.  the  standard  motor  tubes  are  displayed 
in  graphical  form  in  figure  6  as  resistance 
charge  versus  cycles  to  failure. 
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Figure  5  (left) 
Resistance  Changes 
on  Motor  Tube  and 
Warhead  Clamp  Ring 
Grooves . 


_ Figure  6  (right) 
Resistance  Changes 
From  Fatigue  Tests 
on  Motor  Tubes. 
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RENDING  MOMENT  AT  VH-MTR  JOMJT 


39 


There  is  a  spread  of  resistance  changes 
from  0.85-ohm  at  38>000  cycles  to  failure 
to  1. 7-ohms  at  82,000  cycles  to  failure. 

The  three  modified  motor  tubes  with¬ 
stood  180,000,  325,000  and  417,000  cycles 
to  failure.  Unfortunately,  only  one  of 
these,  the  lfi0,000  cycles  to  failure  spec- 
men,  had  a  fi.tlgue  gage  on  it.  This  gage 
had  a  reslst.uice  change  of  2.48  ohrs. 

CONCLUSIONS 

There  are  three  conclusions  that  can  be 
made  from  these  data.  These  are: 

1.  The  resistance  changes  in  the 
fatigue  gages  on  the  12  Chap¬ 
arral  missiles  used  during  the 
road  and  cross-country  tests  are 
negligible  compared  to  the  total 
resistance  changes  to  failure 
incurred  in  the  laboratory  spec¬ 
imens.  The  12  missiles  were  not 
structurally  degraded  during  the 
road  and  cross  country  test  as 
is  confirmed  by  the6e  data. 

2.  The  modification  of  the  motor 
tubes  represents  a  marked  im¬ 
provement,  in  the  fatigue  life  of 
the  motor  tube 

3.  The  use  of  S/N  fatigue  gages  can 
be  used  to  accurately  determine 
the  equivalent  structural  de¬ 
gradation  between  field  induced 
damage  and  laboratory  induced 
damage.  The  question  of  over- 
or  under-testing  can  essentially 
be  eliminated. 

Certain  precautions  are  in  order, 
however,  before  blindly  applying  fatigue 
gages  to  a  specimen.  The  proper  use  of 
fatigue  gages  is  predicated  on  the  same 
engineering  principles  as  the  use  of  any 
other  data  transducer.  The  proper  In¬ 
stallation  of  the  gages  at  the  correct 
points  on  the  specimen  implies  that 
stress-strain  peculiarities  of  the 
specimen  must  be  examined  by  the  appli¬ 
cation  of  brittle  coating,  strain  gage, 
or  photo-elastic  techniques,  or  through 
the  knowledge  of  previous  failures  before 
instrumentation  is  begun. 

Also,  absolute  control  of  the  test 
operation  and  data  acquisition  must  be  at¬ 
tained.  'This  precludes  the  intrcduction 
of  spurious  parameters  which  can  com¬ 
promise  test  results. 
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HOLOGRAM  INTERFEROMETRY  AS  A  PRACTICAL  VIBRATION 
MEASUREMENT  TECHNIQUE 


Ccmeron  D.  Johnson  and  Gerald  M.  Moyer 
U.  S.  Navy  Underwater  Sound  Laboratory 
Fort  Trumbull,  New  London,  Connecticut  06320 


Hologram  interferometry,  a  technique  that  has  been  described  primarily  in  the  optical 
literature,  is  an  eminently  practical  means  of  measuring  mechanical  vibrations.  The 
process  uses  coherent  illumination  to  produce  an  optical  interference  pattern  on  the 
surface  of  a  vibrating  object.  Qualitative  and  quantitative  information  is  readily 
obtained  from  the  interference  pattern.  Unlike  conventional  interferometry,  this 
technique  is  simple  and  straightforward  and  does  not  require  an  optically  polished 
specimen.  An  example  in  which  holonram  interferometry  was  used  to  study  the  vibra¬ 
tion  behavior  of  two  plate  specimens  is  presented.  The  mode  shapes  of  36  discrete 
resonant  modes  were  photographed  and  used  to  draw  conclusions  concerning  boundary 
conditions,  assembly  procedures,  and  material  properties.  It  is  concluded  that  the 
time  hos  come  for  mechanical  engineers  to  start  taking  odvantage  of  this  new  orea  of 
optical  technology. 


INTRODUCTION 

■  lologram  interferometry  as  a  vibration  measure¬ 
ment  technique  was  introduced  by  Powell  ond  Stetson' 
in  December  1965.  Although  their  work  has  vast  po¬ 
tential  oppiication  in  the  field  of  mechanics,  most  of 
the  subsequent  papers  deoling  with  the  topic  have 
oppeared  in  the  optical  literature.  It  is  the  intent  of 
this  paper  to  discuss  the  practical  applications  of  the 
technique  and  to  encourage  its  use  by  those  engaged 
in  measuring  mechanical  vibrotions. 

THE  HOLOGRAPHY  PROCESS 

Holography  is  a  specialized  photographic  process 
for  :ecording  the  interaction  of  two  coherent  light 
fields  on  high  resolution  film  plates.  The  necessary 
equipment  for  moking  a  hologram  is  shown  in  Fig.  1. 
The  output  from  the  helium-neon  laser  is  divided  by  a 
beam  splitter  into  a  reference  beom  and  an  objact 
beam.  The  reference  beam  is  expanded  and  directed 
onto  a  photographic  plate,  and  the  object  beam  is  ex¬ 
panded  ond  directed  onto  the  object  to  be  photo¬ 
graphed.  The  photographic  plate  then  records  the 
interaction  of  the  reference  beam  and  the  light  scat¬ 
tered  from  the  object. 


Since  the  photographic  plate  is  a  record  of  light 
fields  rother  than  images,  the  finished  plate  appears 
to  be  merely  a  light-fogged  plate  contoining  no  use¬ 
ful  information.  It  is  not  possible  to  deduce  the  sub¬ 
ject  of  a  hologram  by  examining  the  plate  under  nor¬ 
mal  room-lighting  conditions.  However,  since  co¬ 
herent  light  was  used  in  the  recording  process,  the 
hologram  contains  not  only  *he  amplitude  information 
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found  on  a  norma1  pt  ->  -giaph  but  alsophase  informa¬ 
tion.  The  holagtum  is  viewed  by  illuminating  it  with 
a  coherent  light  source  and  looking  through  the  plate 
exactly  as  if  looking  through  a  window.  The  original 
object  is  then  visible  in  a  perfect  three-dimensional 
image  having  exactly  the  same  spatial  orientation  that 
it  had  when  the  hologram  was  exposed.  The  three- 
dimensional  property  has  caused  a  great  deal  of  specu¬ 
lation  about  the  feasibility  of  three-dimensional  tele¬ 
vision,  motion  pictures,  and  training  devices,  and 
a  host  of  other  glamorous  applications.  A  somewhat 
more  prosaic  application,  but  one  which  offers  imme¬ 
diate  technical  reward^  is  the  measurement  of  me¬ 
chanical  vibrations. 


HOLOGRAM  INTERFEROMETRY 

Holography  is  in  itself  an  interferometric  process, 
with  interference  occurring,  on  a  microscopic  scale, 
between  the  reference  and  object  beams.  The  inter¬ 
ference  phenomenon  of  interest  in  engineering  measure¬ 
ments,  however,  is  the  macroscopic  interference  be¬ 
tween  two  images  in  double  or  multiple  exposures  with 
a  small  change  in  object  position  occurring  between 
exposures.  Fringes  will  appear  on  the  surface  of  the 
object  at  intervals  corresponding  to  changes  in  the 
pathlength  of  light  in  one-wavelength  increments. 

The  most  significant  advantage  of  hologram  inter¬ 
ferometry  aver  conventional  interferometry  is  that  no 
special  surface  preparation  is  required.  Conventional 
interferometry  requires  an  optically  perfect  surface  to 
work  from,  whereas  any  diffusely  reflecting  surface 
will  produce  good  results  with  hologram  interferometry. 
This  characteristic  makes  it  possible  to  use  hologram 
interferometry  to  measure  surface  deformations  of 
engineering  structures  of  practical  interest. 

Hologram  interferometry  may  be  used  for  static  or 
dynamic  measurements,  and  in  both  cases  it  offers 
significant  advantages  over  other  available  techniques. 
It  is  a  non-contact  measurement  and  therefore  does  not 
in  any  way  load  the  structure  to  be  measured.  More 
significantly,  it  is  a  continuous  measurement  that  pro¬ 
vides  detailed  information  on  the  defoimation  of  al! 
points  on  the  surface  simultaneously. 

Hologram  interferometry  is  accomplished  by  making 
a  double  exposure  of  the  object  and  introducing  a  sur¬ 
face  deformation  between  exposures.  The  resulting 
hologram  will  contain  two  nearly  identical  images  that 
differ  only  by  the  deformation  introduced  between  ex¬ 
posures.  If  the  surface  deformation  is  in  the  order  of 
several  wavelengths  of  the  light  used  for  illumination, 
the  object  will  have  superimposed  01  it  a  number  of 
interference  fringes  that  accurately  describe  the  nature 
of  the  deformation.  The  fringes  are  then  read  exactly 
like  a  contour  map,  with  the  fringes  representing  lines 
of  constant  displacements  that  have  caused  changes  in 
the  pathlength  of  the  object  beam  in  one -wave  length 


increments.  From  a  practical  standpoint,  deforma¬ 
tions  ranging  from  10  x  lO"^1  to  500  x  10"^  inches  may 
be  conveniently  observer .  Techniques  are  available, 
at  some  sacrifice  in  convenience,  for  extending  the 
range  to  several  thousandths  of  an  inch. 

The  application  of  hologram  interferometry  to 
vibrating  surfaces  is  accomplished  by  a  method  similar 
to  that  described  above,  except  that  only  one  exposure 
is  made  and  the  object  is  vibrated  during  the  exposure. 
Because  the  object  is  continually  vibrating,  the  fringe 
pattern  is  continually  changing,  ond  the  resultant 
hologram  contains  the  superposition  of  an  infinite 
number  of  positions.  Since  the  photographic  emulsion 
integrates  the  incident  light  during  the  exposure,  the 
resultant  fringe  pattern  is  related  to  the  probability 
density  function  of  the  amplitude,  which,  for  sinusoi¬ 
dal  vibration,  results  in  comparison  between  positions 
near  the  positive  and  negative  peaks. 


The  occurrence  of  fringes  for  sinusoidal  vibration 
may  be  described  by  Eq.  (1), 


i  =  r 


^  ^  (cos  «j>1  +  cos  cpj)  6  Is. 


(') 


where  I  is  the  intensity  of  the  image,  IjT  is  the  in¬ 
tensity  of  the  image  if  the  object  were  stationary,  J 
is  the  zero-order  Bessel  function,  X  is  the  wavelength 
of  the  coherent  illumination,  (pj  and  ^  are  the  angles 
between  the  object  beam  and  the  normal  to  the  vibrat¬ 
ing  surface  and  between  the  axis  of  observation  and  the 
normal  to  the  vibrating  surface,  respectively,  and 
6  is  the  displacement.  A  plot  of  the  square  of  the 
zero-order  Bessel  fi  'c.tion  is  shown  in  Fig.  2.  It 
con  be  seen  that  the  maximum  value  of  J0^  [  f  ] 
occurs  when  [  f  J  =0.  Since  that  condition 
exists  only  when  the  displacement  is  equal  to 
zero,  nodal  regions  are  easily  identified  in  the  holo- 


2 

Fig.  2  •  J  [  $  I  Bessel  Function 
a  w  ■* 
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gram  by  their  high  relative  intensity.  Dork  fringes 
occur  at  tl.*  tangent  points  of  the  Bessel  function  with 
the  zero  axis.  Tie  amplitude  associated  with  each 
fringe  may  then  b.t  calculated  by  equating  the  argu¬ 
ment  of  the  Bessel  function  in  Eq.  (1)  to  the  numerical 
volue  of[f]ot  the  tangent  points  ond  solving  for  8. 

APPLICATION  TO  VIBRATION  MEASUREMENT 

A  good  example  of  the  value  of  hologram  inter¬ 
ferometry  is  a  study  of  the  vibration  response  of  two 
plate  models  used  in  a  hydrodynamic  research  project 
at  the  Underwater  Sound  Laboratory.  The  plate 
specimens  were  of  stainless  steel,  5  in.  x  7  in.  x 
.031  in.  thick.  They  were  soldered  or  cemented  to  a 
rectangular  stainless  steel  frame  made  of  1/2 -in- 
square  material  having  outside  dimensions  of  5  in.  by 
7  in.;  thus,  o  4-in.  by  6-in.  area  of  the  plate  was 
left  free  to  vibrate  end  an  approximation  of  a  clamped 
boundary  conditio"  for  the  plate  was  established.  The 
plates  were  cut  from  commercial  rolled  stainless  steel 
stock  and  were  sandblasted  after  assembly. 

The  holography  study  had  the  following  objectives: 

1.  Determine  whether  the  1/2-in.  -square  frame 
provided  a  suitable  approximation  of  a  clamped 
boundary  condition, 

2.  Determine  whether  cementing  was  a  Suitable 
assembly  procedure  for  attaching  the  plate  to  the 
frame, 

3.  Determine  whether  anisotropic  material  prop¬ 
erties  due  to  the  preferred  grain  orientation  resulting 
from  the  rolling  process  hod  an  appreciable  effect  on 
the  resonant  modal  structure  of  the  plate, 

4.  Identify  the  frequency  and  mode  shope  of  as 
many  resonant  modes  as  possible. 

The  basic  work  table  was  a  4— ft.  by  8— ft.  by  10-in.  - 
thick  granite  toolroom  inspection  plate  mounted  on  a 
three-point  low-frequency  air-servo  suspension  system. 

A  helium-neon  laser,  the  optical  elements,  and  the 
test  specimen  were  mounted  on  the  granite  slab.  The 
excitation  was  provided  by  air-coupling  by  placing 
an  8-in.  loudspeaker  behind  the  plate  specimen  and 
driving  it  with  the  amplified  output  from  an  audio¬ 
frequency  oscillator.  An  electronic  counter  was  used 
for  precise  frequency  determination. 

The  hologram  recordirgs  were  made  by  the  con¬ 
ventional  two-beam  process,  in  which  the  laser  output 
is  split  into  reference  and  object  beams,  which  are 
expended  and  directed  on  the  photographic  plate  and 
the  test  specimen,  respectively.  Kodak  type  649-F 
high  resolution  spec'rosocopic  film  plate  was  used  for 
all  holograms.  No  special  precautions  other  than 


providing  inherent  stability  by  means  of  the  air-mounted 
gronite  slob  were  necessary. 

All  holograms  were  of  the  time-averaged  type,  in 
which  the  nodal  regions  are  readily  apparent  from  their 
high  relative  brightness  and  the  fringes  are  read  like 
a  contour  map.  An  example  of  this  physical  interpre¬ 
tation  is  shown  in  Fig.  3  for  one  of  the  higher-order 
modes,  for  which  the  reconstructed  image  of  the  holo¬ 
gram  and  the  corresponding  model  of  the  deformed  sur¬ 
face  are  shown  side  by  side. 

The  specimen  subjected  to  the  most  intensive 
analysis  was  one  in  which  the  plate  was  silver-soldered 
to  the  frame.  A  resonance  study  of  this  plate  was  made 
with  the  plate  standing  upright  on  one  of  its  7-in.  sides 
and  with  no  additional  support  provided.  Resonance 
frequencies  were  tuned  by  detecting  maximum  displace¬ 
ment  with  a  non-contact  fiber-optic-probe  sensing 
device.  Holograms  were  exposed  at  each  resonance 
detected.  A  total  of  36  discrete  modes  were  identi¬ 
fied  in  this  manner  and  were  used  as  the  basis  of 
comparison  for  all  other  phases  of  the  investigation. 

The  modes  are  characterized  by  essentially  rectangular 
nodal  patterns  and  are  catalogued  by  a  two-number 
system  in  which  the  first  number  designates  the  number 
of  vertical  nodal  lines  and  the  second  number  the 
number  of  horizontal  nodal  lines.  Thus,  by  this  con¬ 
vention,  the  primary  mode  is  designated  (0,0),  and  the 
(2,3)  mode  is  that  which  has  12  regions  of  vibration 
separated  by  a  nodal  matrix  having  -wo  vertical  and 
three  horizontal  nodal  lines.  The  36  modes  detected 
are  shown  in  Figs.  4  through  6. 

I 

The  modes  shown  do  not  represent  al  I  the  resonant 
modes  present  in  the  frequency  range  examined,  as 
several  were  not  excited  to  a  sufficient  amplitude  to 
permit  a  hologram  to  be  made.  They  do,  however, 
contain  sufficient  information  to  accurately  predict 
the  frequency  and  shape  of  many  of  the  missing  modes. 

A  convenient  graphical  representation  may  be  made  by 
holding  one  mode  number  constant  and  plotting  the 
other  mode  number  against  frequency.  In  the  resulting 
family  of  curves,  typical  curves  represent  all  modes 
having  zero  horizontal  nodal  lines,  one  horizontal 
nodal  line,  two  horizontal  nodal  lines,  etc.  A  repre¬ 
sentative  curve,  then,  contains  the  (0,0),  (1,0),  (2,0), 

(3,0),  (4,0),  (5,0),  (6,0),  and  (7,0)  modes,  inter¬ 
mediate  modes,  i.e. ,  those  at  frequencies  between 
the  highest  and  lowest  recorded  on  any  given  curve, 
can  be  predicted  with  precision,  and  a  good  approxi¬ 
mation  of  modes  of  higher  frequency  may  be  made  by 
extrapolation.  This  was,  in  several  instances,  demon¬ 
strated  in  the  resonance  study  by  predicting  the  location 
of  a  missing  mode  and  obtaining  a  hologram  at  the  pre¬ 
dicted  frequency.  The  family  of  modal  curves  for  this 
plate  is  given  in  Fig.  7 

It  is  interesting  to  note  the  comparative  ease  w!th 
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fig.  4  -  Vibration  of  Flow  Noise  Plote  for  Modes  1  through  12 
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Fig.  6  -  Vibration  of  Flow  Noise  Plate  for  Modes  25  through  36 


MODE  NUMBER 


which  such  a  resanarce  stud/  was  accomplished  with 
holography.  Although  it  is  certainly  possible  to  iden¬ 
tify  resonance  frequencies  with  a  ooint  measuring 
device  such  as  a  fiber  aptic  probe,  the  number  of 
point  measurements  required  to  identify  each  particu¬ 
lar  mode  i-i  h  Aiibitive  far  all  but  the  first  few  mode 
shapes. 

The  other  objectives  were  accomplished  by  com¬ 
paring  the  results  of  other  selected  rest  conditions 
with  the  results  af  the  basic  resonance  study.  The 
assumption  of  a  fixed  boundary  condition  far  the  plate 
was  disproved  by  examining  the  first  several  modes 
af  the  same  plate  with  additional  restraints  placed  on 


the  boundary.  The  additional  restraints  severely  dis¬ 
torted  the  nodal  potte  ns,  as  shown  in  Fig.  8.  Addi¬ 
tional  restraints  would  have  hod  no  effect  on  the  mode 
shapes  if  the  l/2-in.-square  framework  had  been 
sufficiently  stiff  to  establish  the  desired  fixed  boundary 
condition  by  itself. 

The  suitability  cf  cementing  rather  than  soldering 
as  a  means  of  attaching  the  plate  to  the  framework 
was  examined  by  making  holograms  af  a  cemented  plate 
and  comparing  the  mode  shapes  ta  those  obtained  with 
the  soldered  plate.  A  sanpling  of  some  of  the  corres¬ 
ponding  modes  is  shown  in  Fig.  9.  It  was  concluded 
from  this  study  that  cementing  is  a  suitable  method  af 


Fig.  9  -  Comparison  of  Representative  Modes  af  Cemented  and  Soldered  Plates 
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Fig.  10  -  Mode  Distortion  Due  to  Anisotropic  Material 


attaching  the  plate  to  its  supporting  structure. 

That  the  anisotropic  material  properties  have  an 
effect  on  the  model  structure  is  evident  fram  the  dis¬ 
tortions  observed  in  the  (1,2)  mode.  A  comparison  of 
the  behavior  af  the  scldered  and  cemented  plates  re¬ 
veals  that  the  distortion  is  unchanged;  this  is  to  be 
expected  as  the  specimens  were  cut  fram  the  same 
piece  af  stock.  The  comparison  suggests  that  the  dis¬ 
tortion  is  independent  of  the  manner  in  which  the 
plates  are  secured  to  the  framework  and  also  that  it  is 
nat  due  to  an  effect  introduced  by  heating  one  of  the 
plates  in  the  scldering  process.  As  a  final  check  to 
preclude  the  possibility  that  the  distortion  was  due  ta 
the  manner  in  which  the  plate  was  driven,  the  plate 
was  inverted  and  another  hologram  was  exposed.  The 
fact  that  the  resulting  distortion  was  also  inverted 
indicates  that  it  was  due  ta  an  inherent  characteristic 
af  the  plate  material  rather  than  ta  the  method  af  mount¬ 
ing  or  driving.  The  above  comparisons  are  shown  in 
Fig.  10. 


CONCLUSIONS 

In  the  example  stated  above,  hologram  interfero¬ 
metry  was  used  to  analyze  the  vibration  characteiistics 
of  plate  specimens  to  an  extent  that  would  have  been 
impractical  with  conventional  vibration  measurement 
techniques.  Hologram  interferometry  is  a  simple, 
straightforward  procedure  and  is  well  within  the  tech¬ 
nical  capability  and  financial  means  af  most  research 
laboratories.  The  time  has  come  to  stop  thinking  of 
holography  as  an  interesting  optical  curiosity  and  to 
start  exploiting  its  potential  in  the  mechanical  measure¬ 
ments  laboratory. 
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DISCUSSION 


Mr.  Jackman  (General  Dynamics/Pomona): 
This  was  a  very  interesting  paper.  The  '  ing 
that  intrigued  me  most  was  the  three  dimen¬ 
sional  or  isometric  view  that  you  showed.  The 
one  that  shows  the  depth  and  the  two  outer  phase 
conditions.  How  was  that  obtained? 

Mr.  Johnson:  This  was  simply  made  by 
taking  a  picture  of  the  hologram  which  you  saw 
previously  and  making  a  model  by  cutting  layers. 
Each  layer  was  a  piece  of  1/16-inch  balsa  wood, 
and  the  layers  were  just  stacked  up  according 


to  the  fringes  -  cut  out  along  the  fringes  from 
the  picture. 

Mr.  Miller  (Itek  Corp.):  i.ave  you  used 
ruby  lasers  in  your  holographic  setups  to  mea¬ 
sure  transient  vibrations? 

Mr  ■  Johnson;  We  have  not  done  it  our¬ 
selves,  however,  some  very  fine  work  has  been 
done  in  this  area  by  Worker  of  TRW  and  some 
work  has  been  done  on  particle  analysis  in  fog 
and,  as  I  said,  oxidation  in  ~ocket  engines. 
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This  paper  presents  the  results  of  an  investigation  to  show  the 
importance  of  considering  cross  correlations  between  shaker  inputs  in 
environmental  vl oration  tests.  General  responses  to  t  -o  random  loadings 
that  are  uncorrelated,  directly  correlated,  and  having  various  time  lags 
are  determined.  The  general  equations  were  then  applied  to  a  simply 
supported  beam,  and  response  curves  plotted  for  a  point  on  the  beam  for 
the  three  random  input  cases.  The  beam  response  at  the  prescribed  loca¬ 
tion  will  then  obviously  be  the  input  to  any  piece  of  equipment  mounted 
at  that  point.  These  response  curves  reveal  the  magnitude  of  errors 
Involved  when  cross  correlation  between  the  two  shaker  inputs  is  not 
taken  into  consideration. 


INTRODUCTION 


Effects  of  cross  correlation  between  two 
shaker  random  excitations  in  the  field  of 
environmental  testing  has  not  been  to  date 
taken  into  consideration.  It  is  the  Intent 
of  this  report  to  reveal  the  necessity  to  do 
so  by  analysing  three  cases,  uncorrelated, 
directly  correlated,  and  various  time  lags 
between  random  inputs  to  a  simply  supcorted 
beam  with  motion  input.  The  beam  responses 
for  each  case  will  indicate  that  cross  cor¬ 
relation  between  the  inputs  and  its  time 
position  on  the  time  scale  of  the  correlation 
function  has  a  real  importance  and  that 
neglecting  it  would  lead  to  ar.  eironeous 
response  spectrum,  and  in  turn  an  erroneous 
input  environment  to  equipment  mounted  on  the 
beam. 


A  literature  search  revealed  that  work 
had  been  performed  in  the  area  of  cross 
correlated  excitations.  M.  Trubert  (1) 
published  a  report  on  investigation  in  deter¬ 
mining  the  response  of  a  linear  continuous 
structure  (cantilever  beam)  to  random  loadings 
of  various  correlation.;  by  a  semi-experimental 
method.  Transfer  functions  were  determined 
and  the  natural  frequency  was  chosed  high 
enough  so  that  only  the  first  mode  was 
involved  in  the  investigation.  Gimilar  work 
wan  reported  by  H.  hirner  (2)  which  involved 
an  experimental  determination  of  transfer 
functions  of  beams  and  plates  by  cross 
correlation  techniques.  Again,  a  cantilever 


beam  was  used  for  the  model,  and  only  the  first 
mode  was  used  in  the  investigation.  In  both 
investigations  reported  excitation  forces 
were  applied  directly  to  the  beam,  and  both 
noted  the  effects  o~  cross  correlation  of  two 
excitation  forces  cm  the  response  of  the  beam. 

In  the  analytical  investigation  reported 
herein,  the  model  is  a  simply  supported  beam 
with  two  input  excitations  at  the  supports. 

This  was  done  to  simulate  typical  spacecraft 
environmental  tests.  General  theory  was 
found  in  the  text  written  by  J.  Robson  (3) 
and  applied  to  our  model  beam.  This  model 
was  selected  so  that  effects  of  the  first 
three  modes  could  be  investigated.  Aside  from 
this  being  a  typical  case,  the  author  wanted 
to  determine  effects  of  cross  correlations  on 
combined  cymnetrical  and  unsynmetrlcal  modes. 

It  should  be  made  clear  that  the  transfer 
functions  used  in  the  random  response  analysis 
is  obtained  as  a  ”es'ult  of  a  sinu  oldal  input. 
The  functions  are  then  shaped  by  random  spectral 
density  inputs  which  includes  uncorrclated  and 
cross  correlated  terms,  and  are  statistical 
in  nature. 


GENERAL  RESPONSE  TO  TOO  RANDOM  LOADINGS 

(Effect  of  Cross  Correlation  of  Two  Random 
Force  Inputs  on  the  General  Response) 


Figure  1  -  Response  of  Elastic  Structure 
to  Two  Loads 
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P^t)  and  Q(t)  =  two  random  loadings  act  in;; 

simutancou.<ly ,  but  at  dif¬ 
ferent  points. 

x(t)  =  resulting  displacement  of 
a  given  point  in  a  given 
direction . 

The  spectral  dcr jity  of  x(t)  can  bo 
expressed  in  terms  of  the  spectral  densities  of 
p(t)  and  Q(t)  by  mcar  of  the  autocorrelation 
functions . 

Let  the  autocorrelation  function  of  x(t), 

P(t)  and  Q(t)  be  E  (t)  and  E  (r). 

x  q 

R x(c)  -<^x(t)  x  (t  +C-)^  where  the  brac¬ 
kets  represent  a  mean  value  (2.1) 


<ri>  p<i  -  ri> +  «xq  (ri>  -q>] 

•c 

d ti  j  r w  (£)  p(t  -r  +r)  +  w  (ft) 
in  xp  <:  2  '  xq  2 

o 

+  r)j|  Aty 

where  the  above  intecral  Is  known  as  Buliamel’s 
integral,  or  the  convolution  Integral  and 

W  (t)  and  W  (t)  «  weighting  functions 
xp  xq 

giving  the  response  tc  a  unit  impulse. 

*  and  X  -  receptancc  for  harmonic 
xr  xq  excitation 

Kx(r)  *  !\ p  {VAl  \  (r2)<P(t) 

p(t*r'i*r£  dfi 

4  w’--p  (*i>[ i  V.  (v<p(t) 

d(t  -r2  +‘‘)>dr2J  d^ 

*f«xp  {rAt  %  (,'2)<  Q(0 

P(t+r i-q  +r)>drJ  dfl 

v(q)<Q(t) 

+f»divj  sri 


The  mear  ed  quantities  in  the  first  ar.d 
last  terms  arc  simply  autocorrelation  functions 
and  may  te  written  as  (f^  ♦f’), 

R  (f;  -TV  +  The  corresponding  quantities 
q  -  2 

in  the  second  and  third  terms  are  cross  corre¬ 
lations  functions  as  defined  by; 


npi,  <n  =  <P(t)  q(t  (2.3) 


it  :y  can  be  written  as  follows: 

V,  (r:  **-  4r)  “d  V  (ri 


The  autocorrelation  function  of  the  response 
is  therefore; 


R  (?)  =  Jw  (?)[/  w  (C)  R 
x  ■£  xp  1  (/»  xp  2'  p 

(ri  +  ^  )  d  q>]  d  ri 
+  /  W  (tAJ  W  (C)  R 

-J  xp  1  ['•  xq  2  pq 

(fi  -n,  +  )  d  rj  ar1 

•O 

♦  f  w  (r  )|  J  w  (f )  R 

xq  l'|>  xp  d  qp 

(q  -r,  +  r  )  ar2J  drx 
+  r*w  (rjf)  w  (T)  r 

4  xq  i'l*  xq  2'  q 

(ri*€*r)  ira]  dri 


q  (d.U) 


By  using  the  Fourier  transform  relation¬ 
ship  between  Sx  (f)  and  Rx  (?)  we  have 


(f)  »  ifs  (r)e  *  1  2,rf1 


by  substituting  Equation  (2. 4)  into  Equation 
(2.5)  results  in  the  following; 


s  (f)  »•<  *  s  (r)  +«<  •<  s  (r) 

X  xp  xp  I  '  xp  xq  pq 

+  •<  *tt  S  (f)  +  «<  S  (f)  (2.6) 

xq  xp  qp  xq  xq  q 


where  the  cn.  spectral  density  G  (f)  1 


5Pq  (f)  ~-  2J\*  ^  '  2T,fr  dr  {2/r) 


3o  the  spectral  density  of  the  response 
cannot  be  determined  from  knowledge  or.ly  of 
the  spectral  densities  (f)  and  (f)  of 

the  applied  forces;  a  knowledge  of  the  two 
crocs  spectral  densities  S  (f)  and  S  ( f ) 

t  ,  PQ  QP 

is  also  necessary. 
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Equation  {l‘ .6)  now  g ivcs  the  following: 


The  effect  of  cross  eorr elation  ean  be 
illustrated  by  determining  the  combined  response/: 
due  to  two  randomly  varying  forees,  P(t)  and 
Qit),  considering  these  to  be  first  uncorr elated, 
and  then  to  be  correlated  in  sueh  a  way  that 
P(t)  and  Q(t)  have  a  constant  ratio. 


Case  I 

For  no  correlation  between  force  input- 
P(t)  and  Ct(t) 

If  P(t)  and  Q(t)  arise  from  quite 
independent  sources  -  the  cross-correlation 
functions  R^  (?)  and  R^  (*0,  and  so  the 

cross  speetral  densities  S  n(f)  and  ^^(f), 

will  be  zero.  It  is  assumed,  unless  the 
opposite  is  obviously  implied,  that  all 
randomly  varying  quantities  have  zero 
mean  value.  Equation  (2,6)  then  reduces  to 


( f )  =  <  *  S  ( f )  +  #<  *C  kc  if) 

xv  '  xp  xp  pv  '  xp  xp  P 


+  oC  U  kS  (f)  +*  k^C  (f) 

xq  xp  pv  '  xq  xq  pv 


x(f)=(V+^x,"X^  +  K^C 

x(f>  -Kp  +  k**  I  2  Vf) 


,{f) 


The  spectral  density  of  the  response  now 
depends  on  the  modulus  of  a  vector  sum  cf 
two  reeejtanees  and  so  on  the  relative 
phase  of  the  two  rceeptanees. 


Sx(f) 


Krl 


sp(f) 


xql 


Sq(f) 


(i.8) 


Case  III 


The  response  spectral  density  In  this 
case  Is  thus  simply  the  sum  of  the  two  response 
spectral  densities  obtained  with  the  forces 
acting  separately. 


Case  II 

If  F(t)  and  Q(t)  are  directly  correlated 
so  that  Q(t)  *  kP(t)  where  k  Is  t  constant, 
then 


Hpq(r)=<P(t)  'kP(t  *»))  «kBp(f) 

R  (D  * <  hP  (t)  p  (t  +  r-)>  =  k  Rp(r) 

Rq  (f)  -  <kP  (t)  kP(ttt)^  ka  Rp(r) 


Using  the  known  relations  between  correlation 
functions  and  spectral  densities  we  have: 


S  (f)  -  kS  (f),  S  (f)  =  kS  (f),S  (f)  =  k^S  (f) 
pq  P  QP  P  q  V 


Cons  ice*'  the  ease  where  the  speetral 
densities  of  the  two  loadings  are  identical; 
that  is  where 


Sp(f)  -  Sq(f)  =  S(f) 


If  the  forces  are  uneorrelated,  we  see 
from  Equation  (P.8)  that 


whereas. 

If  the lbrccc  arc  directly  correlated,  for 
Sp(f)  -  Cq(f)  implies  that  k  -  1  we  have 


sx(f)‘Kp+  •v,|2s(f)  (L>-lo) 

Equation  (2.lo)  may  be  written  as 
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Vf)  -  [i-xpl  J  +  I ' %  I  "  +  2hpl  I  *xq|  (-Ml) 

cos 


whore  ^  io  the  phase  difference  between  the  two 
reccptances  at  the  particular  frequency  f,  and 
In  this  form  it  is  more  easily  compared  with 
Equation  (2.9).  Clearly  the  result  for  the 
uncorrelated  loadings  given  by  Equation  (2.9) 
will  only  be  equal  to  that  for  the  correlated 
loadings  given  by  Equation  (2.1l)  when  cos  ^  =  0 

that  in  when  4*  =  ±  .  For  other  values  of  i  the 

spectral  density  in  the  correlated  case  may 
have  any  value  between  ['V^xql  ]  “SU) 

and£|«*  xp|  +  2  S(f)  depending  on  the  values 

of  cos  If  *  -  *4^  at  some  frequency,  the 

spectral  density  at  that  frequency  in  the 
correlated  ease  will  be  zero.  For  any  frequency 

at  which  mt  *  oi  ,  the  spectral  density  with 
xp  xq’ 

correlation  will  be  twice  that  obtained  without 
it. 


These  last  results  could  have  been  inferred 
without  using  Equation  (2.6)  by  considering  the 
discrete  frequency  response  to  in-phase  and 
out-of-phase  loadings  at  the  two  excitation 
points. 


Case  IV 

When  <t( t )  reproduces  P(t)  after  a  lag  of 
TQ  so  that  Q(t)  =  P(t  +  t^). 

In  this  case 

Vf)  *  <P(t)  P(t  ♦  r  +  r£>  =  Rp(r0  *r) 


'doing  Equation  (2.7) 


snq(f)  s2/vr*  +?)< 


- 


2e  1  2ri o  J  R  (r  *f  ) 

-,o  P  ° 


t-i  2TT  f  (ro  +  «*)  d  (r0  +  r) 

i  2  JT  f  r-  o  8  {f) 

F 


As  S  (f)  and  G  (f)  are  complex  conjugates,  we 
IP  ,  PI  .  2lrf 

have  also  S  (f)  =  e  o  S(f) 

P9 


and  obviously  3^(f)  »  ( f ) 


Equation  (2.6)  now  becomes 

3  (f)  =L  *  .i  +ei2,rfro^ 
xv  L  xp  xp  xp 

a  -i  2rr  rr 


°‘<'xq  **£  (2.12) 


<■*  ]  3(f) 

xqj  J 


General  Determination  of  the  Rect-noance 
(Transfer  Function)  To  A  Point  Force  Loading 

p  -  -  -xr.:.  L  .|Pnj  *1 


r-  --  -*> - n 

re  2  -  General  Response  of  a  Beam 


Consider  a  beam  of  length }  as  shown  with 
a  transverse  point  load  P(t)  acting  at  x  =  xp 

and  consider  in  particular  the  transverse  dis¬ 
placement  w  (w^,  t)  at  i  *  Xj,  To  obtain  the 

response  to  random  P(t)  wc  must  obtain  the 
relevant  r cccptancc »<lp ,  which  defines  the 

response  at  x  =  x^  due  to  harmonic  excitation 

of  unit  implitudc  at  x  .  To  do  this,  there¬ 
fore,  wc  determine  the  response  when 

P(t)  *  PQc  iBt.  Wc  must  first  set  up  the 

equations  oi  motion  of  the  system.  The  dis¬ 
placement  ot  any  point,  w(x,  t),  may  be 
expressed  in  terms  of  the  normal  modes  of 
the  beam  as 

w  (x,  t)  »  Zr  wr(x)  t  r(t)  (2.13) 

where  w^(x)  represents  the  r^11  normal  mode  of 
the  beam  and  5r(t)  are  the  normal  coordinates. 

Damping  can  also  be  included,  either  by 
adding  a  further  term  proportional  to  f  ,  or, 
when  considering  sinusoidal  motion,  by  r 
including  an  imaginary  part  in  the  stiffness 
term.  (It  is  assumed  that  the  damping  is 
small,  and  that  there  is  no  coupling  between 
the  modes  due  to  damping).  We  shall  use  the 
latter  because  hysteretie  damping  gives  a 
gooo  approximation  to  the  behavior  of  an  actual 
system.  The  exciting  force  is  represented 
by  generalized  forces  S  •  The  equation 

of  notion  in  the  rth  mode  io 


Hi  +  M  W 
r  ”r  r  r 


(1  +  i  *  )  i  =  - 
r  r  r 


The  generalised  force  Hr  corresponding  to  i 

is  obtained  by  considering  the  worn,  done,  S w, 
in  a  virtual  displacement  cT w  (x).  Thus  for 
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P(t)  --  P  C  1  tW 

°  i  u> 

<f  W  =  PQe  <fw  (xp) 

•  V  r  “r  (xp^  5r 

~  must  be  such  that  /  w  *=2  Z  cT£ 

— r  r  r  ^  r 

—  ,  v  _  i«t 
“■  wr  (x  )  P  c 

—  r  p  o 

The  equation^  of  motion  may  then  be  writ+^n 


Mr«r+CJr  (l  +  i)r)Mr^  = 


wr  (xpJ  V  (r  ‘  1»  2>  -*)  (2*l4) 

Solving  Equation  (2.14) 

*  _  Wr(xp)  V 


»r  M  («  *  -w*  +  11). Wr 


Using  Equation  (2.13)  yields 


(&’  -3  +  i1rr^r0] 

w(x1,  t)  is  therefore  proprotional  to  ca 
let  w  (xj^  t)  *  wQ  (x^  eiWt 


,  WO  (xi)  <  [  wr  (xl) 

P  Po  ri  Mr 

((<Ur2  -<I)+  ‘Ir^j 

vr  Cr)  fa 

P  Mr  ^ 


-EL  /fel!  -  Ur«»-2)j 

ms  of  frpaupnpv  1 s 


The  receptance  in  terms  of  frequency  is 
f  = 

r  2  ir 

*lp  '^r*r  (Xr  -  1Yr> 


KpT  =^r%  Xr  *  +£*r  Yr  "  (2.18) 

£  M  H  xx  +/. /  m  u  y  y 

r**s  r  s  r  r.  r  c  r  s  r 
^-F^^JflXX+YY) 

r  s  r  s  \  r  3  r  cy 

Hip |  2  ^r'r2(V  +  Yr^  +?fs<r*’s 


X  X  +  Y  Y„  ) 
r  s  r  o  / 


If  the  damping  of  the  system  is  small,  the 
peaks  will  be  pronounced,  and  provided  that  the 
natural  frequencies  arc  well  separated,  the 
response  in  vicinity  of  the  resonant  frequency 
will  be  dominated  by  a  single  term  of  the 
susmation.  It  follows  that  the  product  terms 
will  be  small  relative  to  one  single 

(X  +  Y  )  term.  Away  from  a  resonance  this 
will  notrbe  so,  but  in  these  regions  sane 
inaccuracy  can  be  permitted  because,  as  the 
magnitudes  are  so  much  smaller,  such  frequen¬ 
cies  play  little  part  in  random  vibration. 
Equation  (2.19)  therefore,  reduces  to  the. 
following: 

f*iipl  ^Xr  +  Yr  ^  (2.20) 

substituting  X.,2  and  Yr2  gives 


If  only  a  single  term  is  important  near 
ary  cue  peak,  Equation  (2.20)  need  not  be 
writt.  ;  as  a  series.  The  response  depends 
on  two  factors,^^,  which  depends  or.  the 

positioning  of  loading  and  measurement  points 
with  respect  to  the  normal  modes,  and  the 
magnitude  of  Xf,  Yf  at  the  particular  fre¬ 
quency,  If,  for  any  r,  wf  (v^),  or  w^  (xp) 

is  zero,  that  is  if  the  loading  or  measuring 
device  is  situated  at  a  node  of  any  normal 
mode  then  ^  for  that  r  is  zero,  and  tta'c  is 
no  response  In  that  mode.  For  f  close  to  any 
f  ,  the  corresponding  mode  will  be  greatly 
emphasized. 


fr2  -  f2 

Xr  =  4  tt*  l  IF?  -  fZprnj-5  fr4 

v  tr  fr2 _ 

r  “  4t r^r  (f  2  .  f2)c+  a  ‘ifi 


When  there  is  random  excitation  P(t),  the  spectral 
density  Sp(  f)  of  the  motion  xp  is  related  to  the 

spectral  density  S  (f)  of  P(t),  at  any  frequency, 
by  p 


si(f)‘KPl  Vf) 


From  Equation  (2.l6) 


DETESMIMATI ON  CF  THE  RECEPTANCE  TO  A  MUICti 
Him  FCK  A  SIMPLY  SUPPCRTEE  BEAM 


Figure  3  -  Response  of  a  G imply  Supper 


As  shown  before  the  equation  of  motion 
he  rth  normal  mode  is  as  follows: 


Hr?r  +  Mr“r  «  +  ^  r>  *  r  r 


™  5r  =  aT* 

,t  2 

M T  #»r  (x)  m  (x)  dx  la  the  Generalized 

mass  where  m  (x)  -  mass  per  unit  (2.22) 

length  and  Is  constant. 

—  z'* 

andj^,  =  JQWr  (x)  m  u  (t)  dx  is  the  generalized 
forcing  function.  (2.23) 

where  u  (t)  Is  a  sinusoidal  Input 

,,  a-  *jr  do"r  0  +  1  r )  i  r  -  — 


•r  M  -  M  (1  +  1 

r  r  r  ' 


The  displacement  cf  the  beam  at  any  point  as 
expressed  In  terms  of  the  normal  modes  Is: 
ru  AaMi.it;  wl» It) 

i  (x.  t)  -2V(x).<. 

£1)2  «2 

,  y  vr  (x)  — _ 

w  (x,  t)  ifH^M"13^rTr+TF-r ' 


For  a  simply  supported  beam  let  the  normal 
mode  shapE  be  expressed  as  follows; 

w^  (x)  -  sin  '^1j X  for  (r  =  1,  2,  3j--)  (2.25) 

substitute  equation  (2.2?)  Into  (2.22). 

.  2  r  7T-  x  dx 

\  ’  Joa  sln  ~~1 - 


but  due  to  orthogonality 


zf'ln^ 


if  r  /  n 


Mr  -  *Jo(*  "  i  cos  T ~) 


Substitute  Equation  (2.25)  into  (2.23) 


—  rl 

-  “  J  O  wr  (x)  “  u 

=  m  u  (t)  In 


--mu  (t)  —  (2.27) 

Substitute  Equations  (2.25),  (2.26),  and  (2.2?) 
Into  (2.24) 

„  „  sin  rirx  mu  (t)  2jf 

w  (x,  t)  »  -«t  J  r  tr 


w  (x,  t)  »  u  (i)2f 


4  sin  r ttx 


This  Is  the  acceleration  at  any  point 
along  the  beam  duo  to  a  motion  Input  at  the 
two  supports. 

The  receptance  Is  obtained  from  Equation 
(2.28)  as  follows: 

4  sin  r  irx 

*x,o,  =  ^  71F^~ 

( r  Tkr^  )  (2>29) 

rir  (  jw'2  -W2)2  +  11)  2^4  J 
_  4  sin  rirx  '  ^ 


ft-/  _ .  **  bill  X  u  A 

**,«  Z _ ~r 


(X  -  1  O 

r  r 


and  as  previously  shown  2 
4  sin  rjx 

led  !  2  ^ - (X  2  +  Y  2) 

I  x,oy!  r  r  tt  r  r 

0  —  l6  sin  ^  r  TTx 


Gy*  -  f2)y  +»,r2  fr*^)  (2.3 


Equation  (2.29)  Is  the  receptance  at  x 
due  to  motion  input  at  x  «  0  and  x  «=-?  . 

The  receptance  forms  which  are  needed  In 
Equations  (2.9),  (2.10),  and  (2.11)  are  as 
follows: 

oi  .  =  rece-rtance  at  x  due  to  input  at  x=^ 

x>Jf 

receptance  at  x  due  to  input  atx^=^ 

To  flnd«C  .  the  generalized  forcing 
function  changes  to  the  following: 

, - x - 


Supported  Bea 


—  =  JQ{j)  wr  (x)  m  u  (t)  dx 


where  £  is  the  rigid  body  mode  shape 

*  .1 


*  i 

r  r.  u  (t)  f  ..  _  rTT  X 

— f  Jo  x  5ln  ~X~ 


where  the  integral  is  of  the  form 
jfx  sin  a  x  dx  when  a  *  ^jj^- 


•  I  is  sin  ax  -  —  x  cos  ax  I 

u2  a  1 


Therefore ; 
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“  =  bJl  (t)  i " 

J  rir  '  for  r  =  3,  5,  — 

I  =  a-ilii  /_. ,  ,  ,  , 

r  tt  v,r  A»  J)  — }  (2,31) 

and 

7  =  ro  u  (t)i  , 

'  rir  (r  =•  2,  k,  6,  — )  (2.32) 

Substitute  Equation  (2.37)  into  (2.23) 

t—  111  u  tt)  sin  r i,r x 

w  (x,  t)  =  r  7 r 

r  -  1,  3>  5,  -  “73 - 


*  t.m  rirx 


V  "  '  r  -  2,4,6,™ ' 


(^*2+11,^)  (2-3B) 

Equations  (2.35,  (2.J0),  (2.3-7)  (g 
W  tefWitten  in  terns  or  f  sy  Just’rSng 


,  2 

-«a  + 


xJt~r^  1,3,5, — 


sin  rr  , 

— Ll 


(2,35) 


w  (x,  t)  « 


2  u  (t)  sin  r  Tx 


r  “  1.3,5, 


r  7r 


(V~^4rfr^ 

2  Sin  rjrx 


id,  '"2  + 

W  (X’  t}  =  —  2,  4,  6, 


xi  '  'r? 2,4,6, — 


(2.36a) 


(2.33) 

-2  \i  (t)  3 In  2*77“ X 


and 


+  hr  ^~) 


2  sin  r TTx 


xl*  r  1  1,3,5, —  ftp- 


(2.37a) 


/•  f2  >i 

(2.34) 

w-**  tippy 

and  the  receptance  becomes 


*>•*  u  (t)  r  -  1,3,5,™  r? - * — 


C  sin 

*  r  *  2,4,6,-— 


(2.38a) 


and 


*  2 ,  > 

(2.35)  >47  -  ^1,2,3,—  XT 2 


6?  -* +  ^Tv) 

4  sin2  rjfx 


r  TT 


(2.39) 


•<  .  .  2  sin  IfX. 


XU  r  =  2,4,6,- 


r  tt 


^  g  ) 


similarly,- 


„  **  Eln2  rtTx 

«-  2  =  ^  —7— 

(2.36)  xlJf  -  r  -  1,2,3,™  ~2  ~2~  (2.40) 

*  lr 

L 


f  r4  ^ 

tu) 


F 


o<  *  ^  2EinJF 

xj  r  =  2,4,6,-—  — r  7r  ‘ 


luW 


glgure  5  -  Simply  SuEggrted  °eam  with  Ingrt  at  *V  *  ^1,3,3,—  ~pjj. 
Rlght  Support. 

__  2  sin  r  iTx 


(v  -7-  -  rt,  r,r) 

2  sin  rirx 


X1,J 


r  *  1,3,5. — 


OjV,-—  r  7 T 


(jr^rrv) 


A  shown  before j 

c 

X?  -Ul<  +  It,  <0  2  (2.37)  *^!i.  -  F<*  no  correlation  between  the  two 

i  f  r  r 
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motion  inputs; 


Sx<f>  -h/  SL 


U) 


(D 


where  Sx(f)  is  the  power  spectral  density  of  the 
response  at  the  point  x. 


The  model  is  n  simply  supported 
Uo  inches  Ion;:,  b'  inches  epuare  and 
48  pounds.  The  first  three  natural 
of  the  beam  are  as  follow:  ; 


->fP  1 


E  1 
ni  J  •»" 


steel  beam 
a  weight  of 
frequencies 


where  a^  -n“ 


3.  (f)  and  SR  (f)  are  the  power  spectral  den-  a,  -  ^TT' 

p*  tier,  of  t.he  input  at  the  left  support  and  right 
supports  respectively.  u  ^ 


Case  II  -  If  there  is  iircct  correlation  between 
~~  the  two  motion  inputs; 


«<f>  -K/  +  k^n|a^(f) 


Case  III  -  If  the  two  spectral  density  inputs  are 
ioen+<cal; 

sTj  (f)  -  %  (1)  =  3  (f) 

so  that  for  Case  1 


(f) 


and  for  Case  XX 


sx(f) 


s  (f) 


which  may  te  v  -  ltten 


sx(f) 

cos  ^  ^ 


S  (f) 


Case  IV  -  When  one  input  reproduces  the  other 
after  a  lag  of  Vt 


S  (f)  JtX  ' 
x'  '  y  x| 

+e  -1  2f^oK.1X..*w‘W 


,  .  1  2 iff  T“  * 

*ici  e  W  x  j  , 


xlA  Xi  X14  XI 


t 

at  x  »  jj 


■> 


(f) 


*  . 

where  oi^  is  the  complex  conjugate  of 


and  is  the  complex  conjugate  of®*^ 


3. 


The  Model  Beam 


Figure  6 


j/  -  length  of  the  be uin  -  Uo  inches 
41  we ight 

m  -  nu:v  per  unit  length  -  — f# — 

..oji  uv;c- 


El  -  bond  inn  stiffness  of  the  section 
ho  x  UP  lb.  in.^ 


f. 


TT  4u  x  lo1 


ir  .urji  (j'.c  x  Ii7*  ‘  u“  0,,:' 


f,  -  M*8 

-  1008  epe 


The  f.S.P.  (power  spectral  density) 
response  of  the  beam  will  be  found  at  a  point 
10  inches  from  th^  left  end.  Assume  9f  for 
this,  beam  is  0.1. 


4.  Conclusions 


In  comparing  the  response  plots  for 
uncorrclated  (Figure  8)  ana  directly  correlated 
(Figure  9)  cases  it  can  be  seen  that  the  dif¬ 
ference  between  them  is  quite  dramatic. 
Symmetrical  first  and  tbi^d  modes  of  directly 
correlated  responses  arc  twice  that  of  the 
uncorrclated  case.  This  is  due  to  the  additive 
phasing  relationship  between  cross  terms.  The 
opposite  is  true  for  unsymnetrlcal  second  mode 
where  in  the  directly  correlated  ease  phasing 
of  the  cross  terms  have  a  canceling  effect 
causing  us  to  lose  this  mode,  but  conversely, 
phasing  is  such  that  it  is  retained  in  the 
uncorrelated  response.  For  simplicity  spec¬ 
tral  density  inputs  S(f)  at  the  supports  wore 
chosen  to  be  1.0  g^/cps. 

Responses  with  time  delays  between  the 
inputs,  as  expected,  reduced  to  the  directly 
correlated  response  for  a  zero  time  delay. 
Reduction  to  the  uncorrclated  case  obviously 
occurs  when  the  cross  terms  are  zero  (Figure  8) 

Dramatic  results  were  obtained  for 
arbitrarily  chosen  time  delays  of  one  half, 
one,  and  two  milliseconds.  For  d  one-half 
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millisecond  delay,  (Figure  11)  we  find  the  unaym- 
metrical  ;econd  node  that  was  lost  in  the  directly 
correlated  cane  reap; earn,  and  with  a  response 
equal  to  that  of  the  ur.corr elated  case .  The  first 
node  in  retained,  hut  the  third  node  is  lo^t  as  a 
remit  of  cro  •  terms  completely  canceling  the  40 

pur-  terms,  t0 

When  the  time  delay  is  increased  to  one  sw 

millisecond  (Figure  1<?)  the  third  mode  reappears 
hut  not  to  its  highest  level  and  width.  The 
second  mode  is  drastically  reduced,  but  the  first 
mode  remains  unchanged .  * 

A  further  increase  in  delay  to  two  milli-  I 

seconds  ^Figure  13)  drastically  reduces  the  first 
mode  width  and  peak.  Phasing  of  cross  terms  also 
causes  the  third  mode  width  to  decrease,  and  dis¬ 
torts  the  second  mode  shape. 


These  results  show  clearly  that  the  cross 
correlation  between  the  inputs  has  a  real 
importance  and  that  neglecting  it  would  lead  to 
an  erroneous  response  spectrum.  The  response 
curves  also  show  that  not  only  the  maximum  of  the 
cross  correlation  is  important,  tut  also  its  time 
position  on  the  time  scale  of  the  correlation 
function  plays  a  determinant  role. 


Figure  7  -  Spectral  Density  of  Random  Inputs 
at  Supports 


d.i  I - 

/•  /*o  toto  £ 

Figure  8  Uncorrelated  Response 
Spectral  Density 


Figure  9*  Correlated  Response  Spectral  Density 
Figure  10  -  Spectral  Density  of  Correlated 
Response  with  a  Time  Lag  Between  Inputs  of 


Figure  11  -  Spectral  Density  of  Correlated  Re¬ 
sponse  with  a  Time  lag  Between  Inputs  Of 
milliseconds 
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Figure  13  -  Spectral  Density  of  Correlated 

Response  with  a  Time  lag  Between 
Inputs  of  ■£•  ■  2.0  milliseconds 


■  receptance  at  x  due  to  harmonic  input 
at  P(t) 

*  receptance  at  x  due  to  harmonic  input 
at  Q(t) 

*  normal  mode 


8  =  phase  angle  of  receptance 

1  r  *  generalized  forces 

^  »  damping  factor 

T0  «  time  delay 

$  *  difference  of  phase  angles  between 

receptance s 

OJ  a  excitation  frequency 

*  natural  frequency  of  r^modc 


*  »  denotes  complex  conjugate 
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LIST  OF  SYHBOIfi 

■  modulus  of  elasticity 

■  acceleration  of  gravity 

■  moment  of  Inertia 

■  /  -1 

■  constant 

■  length 

■  generalized  mass 

■  mass  per  unit  length 

-  (1,  2,  3,—) 

-  random  loading  on  left  side  of  elastic 
structure 

a  random  loading  on  right  side  of  elastic 
structure 

■  autocorrelation  function  of  P(t) 

■  autocorrelation  function  * 

■  autocorrelation  function  jf  x(t) 

■  cross  correlation  function  between 
the  loadings  P(t)  and  Q(t) 

■  time 

■  sinusoidal  excitation 

■  weighting  function  giving  the  response 
to  a  unit  impulse  at  P(t) 

»  weighting  function  giving  the  response 
to  a  unit,  impulse  at  Q(t) 

■  normal  mode  shape 

■  displacement  of  the  beam  at  any  point 

■  displacement  of  a  given  point  in  a 
given  direction 
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DISCUSSION 


Mr.  Edgington  (White  Sands  Missile  Range, 
N.M.):  Considering  a  two -body  system  would 
you  recommend  testing  with  two  completely 
noncoherent  random  inputs  without  any  cor¬ 
relation  or  any  given  time  lag? 

Mr .  Razzlano:  Yes,  in  order  to  excite  all 
the  modes  you  would  want  to  have  uncorrelated 
inputs. 

Mr.  Bendat  (Measurement  Analysis  Corp.): 

I  think  that  your  application  of  cross  correlation 
and  spectral  analysis  techniques  is  very  inter¬ 
esting  but  some  of  those  curves  look  pretty 
theoretical.  In  actual  measurements  there  are 
lots  of  errors  that  are  introduced  as  a  result 
of  the  record  length,  the  frequency  ranges  and 
the  methods  of  analysis.  What  did  you  actually 
do  about  tlie  error  analysis  question? 

Mr.  Razzlano:  I  have  some  test  results  I 
would  be  glad  to  show  them  to  you,  if  you  would 
like. 


Mr.  McConnell  (Naval  Ship  R&D  Center): 
Have  you  looked  into  the  fact  that  when  tau 
becomes  of  the  order  of  one  millisecond  you 
are  getting  into  the  frequency  range  of  your 
input.  How  does  this  relate  to  suppressing 
certain  parts  of  the  input.  When  tau  is  zero 
there  is  no  effect  and  when  tau  is  one  this  cor¬ 
responds  to  a  thousand  cps.  It  appeared  that 
the  notch  was  at  about  a  thousand  cps.  When 
tau  was  two  there  appeared  to  be  a  big  notch 
at  about  500.  Have  you  looked  at  the  effect  of 
this  time  in  terms  of  any  particular  frequencies 
that  could  be  suppressed  by  the  time  delay? 


Mr.  Razziano:  No,  as  I  showed  you  in,  I 
think,  the  third  slide  the  power  spectral  density 
input  was  flat  across  s(f)  and  was  a  constant  in 
the  entire  analysis.  In  other  words,  in  each 
frequency  band  there  is  exactly  1  g2/cps  put 
in  at  the  two  shaker  locations. 
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AUTOMATIC  NORMALIZATION  OF  STRUCTURAL  MODE  SHAPES 


C.  C.  Isaacson 
R.  W.  Merkel 

Engineering  Laboratories 
McDonnell  Aircraft  Company 
St.  Louis,  Missou.. 


Two  basic  prohlems  have  been  encountered  in  the  measurement  and  plotting  of 
vibration  mode  shapes  of  large  structures.  First,  application  of  hand-held  vibration 
probes  to  the  structure  sometimes  causes  a  small  amount  of  dumping  and  may  distort 
the  indicated  mode  shape.  Second,  data  from  each  test  station  must  be  manually 
divided  by  a  reference  value  in  order  to  plot  the  normalized  mode  shape.  In  order  to 
minimize  these  problems,  an  instrument,  developed  and  evaluated  in  the  laboratory,  is 
used  to  normalize  data  outputs  to  a  reference  transducer  on  the  structure,  thereby 
cancelling  the  small  damping  effect  and  providing  a  normalized  ratio  indication. 

The  instrument,  designed  primarily  for  use  during  aircraft  ground  vibration  test¬ 
ing,  processes  output  signals  from  the  velocity  pickups  which  are  used  to  map  the 
vibratory  mode  shapes  of  the  aircraft.  A  normalized  mode  shape  graph  is  subsequent¬ 
ly  obtained  by  plotting  the  output  readings  of  the  normalizer.  Modular  operational 
amplifiers  were  used  in  a  “huilding  block”  fashion  in  Ihe  signal  normalizer  design 
because  of  their  versatility  in  performing  the  various  computing  functions  required. 

Diagrams  of  the  instrument’s  operational  circuits  are  presented  with  comple¬ 
mentary  descriptions  of  operations  including  the  mathematicnl  computations  performed 
in  each  module.  System  evaluation  includes  an  uualysis  of  performance  data  curves. 


INTRODUCTION 

An  electronic  normalizing  device  was  recently  de¬ 
signed  and  built  in  the  Engineering  Laboratories  of  the 
McDonnell  Aircraft  Company  to  be  used  in  ground  vihration 
tests  on  aerospace  structures.  The  normulizer’s  function 
is  to  produce  an  output  voltage  which  is  indicative  of  the 
relative  amplitude  between  the  maximum  amplitude  refer¬ 
ence  point  and  other  points  on  a  vibrating  structure. 

These  relative  amplitudes  are  tabulated  and  then  plotted 
to  obtain  a  graphic  representation  of  the  vibration  mode 
shape  at  a  particular  normal  mode  frequency.  This  paper 
discusses  the  operational  details  of  ihe  normalizer  and 
presents  performance  curves  for  the  instrument. 

BACKGROUND 

Data  handling  is  a  tedious,  time  consuming  process 
when  performing  ground  vibration  testson  aircraft  and 
spacecraft.  Mapping  a  vibration  mode  shape  requires 
recording  the  response  of  a  large  number  of  data  points 
in  order  to  accurately  define  the  motion  of  the  structure. 


Since  most  of  our  ground  vibration  testing  is  usually  per¬ 
formed  at  sites  remote  from  the  laboratory,  it  is  impracti¬ 
cal  to  utilize  the  Central  Data  Acquisition  System  of  the 
laboratories.  Special  efforts  have  therefore  heen  made  to 
develop  equipment  and  techniques  to  expedite  testing  und 
data  processing. 

A  mapping  layout,  illustrated  in  Figure  I  A,  is  usuully 
employed  by  our  Structural  Dynamics  testing  group  on 
ground  vibration  tests  of  flight  aircraft  where  fixed  pickup 
locations  and  roving  hand-held  pickups  are  utilized.  In 
the  normalizing  process,  the  point  of  maximum  deflection 
muBt  first  be  identified  and  then  followed  by  the  response 
from  each  of  the  remaining  data  points  expressed  as  a  per¬ 
centage  of  this  maximum  deflection.  The  relative  phase  of 
each  response  point  is  also  tahulated  with  respect  to  the 
input  force  to  the  structure.  A  typical  wing-bending  mode 
shape  describing  the  motion  of  the  wing  when  it  is  excited 
in  its  first  asymmetric  bending  mode  is  presented  in  Figure 
IB. 
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Figure  1A  -  Mode  Shape  Mapping  Lacotions 


In  mapping  a  mode,  the  roving  pickup  is  held  on  the 
structure  at  euch  station  while  the  response  amplitude  and 
relative  phuse  are  tabulated.  The  data  is  then  normalised 
and  plotted.  One  of  the  early  attempts  to  expedite  this 
process  by  automatic  normalization  involved  the  use  of  a 
potentiometer  us  a  dividing  element,  illustrated  in  Figure1  2. 
The  pickup  with  the  maximum  deflection  was  switched  into 
u  potentiometer  which  wus  ud justed  for  a  reading  of  1.0 
volts  on  a  vacuum  tube  voltmeter.  Rut  h  response  point 
was  then  measured  through  the  sume  potentiometer  setting 
which  normalized  eut  h  reading. 


Reference 

Transducer 


Figure  2  -  Porentiometrlc  Normalizing  System 


One  of  the  problems  encountered  when  measuring  mode 
shapes  with  a  hand-held  probe  >■:  6iiu'  the  motion  of  the 
structure  may  be  dumped  slightly  wi'.h  the  application  of 
the  probe.  To  overcome  this  problem,  the  operator  of  the 
normalizing  potentiometer  hud  to  monitor  the  reference 
point  before  each  reuding  wits  taken  and  hud  to  confirm 
that  it  wus  remaining  on  1.0  volts.  However,  this  ition’tor- 
ing  required  much  time  and  presented  questions  us  to  the 
udvuntages  of  this  method  of  normalization.  A  program 
was  initiated  to  obtain  an  instrument  that  would  simultane¬ 
ously  eompnre  the  response  amplitude  with  the  reference 
amplitude.  The  basic  requirements  for  the  norinalizer  were 
that  it  hare  the  following  charaeteristies: 

•  a  high  input  impedance, 

•  a  frequency  rcs|Kinse  from  1  to  1000  Hz, 

•  an  output  voltage  proportional  to  input  voltage  ratios 
from  .01  to  10 

•  minimum  operator  adjustments, 

•  good  voltage  sensitivity,  and 

•  reliability. 

After  intensive  investigation,  it  was  established  that  an 
“off  the  shelf*  instrument  that  would  meet  our  objectives 
was  not  available.  Thusu  decision  wus  made  to  develop  a 
norinalizer  utilizing  operational  amplifiers  which  resulted 
in  the  instrument  shown  in  Figure  3. 


Figure  3  -  Front  View  of  Complete  Unit 

GENERAL  DESCRIPTION 

The  basic  enclosure  for  the  normal izor  is  a  Burr- 
Brown  Model  1600- 16R  Rack  Adapter.  It  contains  the 
three  modules  which  make  up  the  normnlizer  circuitry,  a 
plus  and  minus  15-volt  power  supply  and  the  external  BNC 
cable  connectors.  The  computing  circuitry  of  the  instru¬ 
ment  is  composed  of  twelve  operational  amplifiers  chosen 
as  the  basic  elements  because  of  the  ease  of  wiring  them 
for  various  required  computing  functions.  Other  advantages 
of  the  op-amps  are  their  accuracy,  small  physical  size,  and 
low  power  requirements. 

The  basic  mathematical  operations  performed  in  the 
new  electronic  nonnulizcr  unit  are  logarithmic  conversion, 
subtract  ion  and  untilogarithmic  conversion.  The  principle 
of  logarithm ic  division  is  used  to  prodace  the  ratio  indica¬ 
tion.  Voltages  proportional  to  the  logarithm  of  the  two  in¬ 
put  and  scaling  voltages  are  produced  hy  three  matched  log 
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Figure  4  —  Normoliier  Computing  Circuits 


convenors.  These  three  logarithmic  voltuges  ure  then  sub¬ 
tracted  and  the  antilogarithm  of  the  difference  voltuge  is 
taken.  The  antilog  voltage  is  then  displayed  on  a  DC 
vacuum  tube  voltmeter  and  read  out  as  the  ratio  of  the  two 
input  signals.  A  block  diagram  of  this  normalizing  unit  is 
in  Figure  4. 

CIRCUIT  DESCRIPTION 

The  first  module  if  the  normal  izer  contains  six  opera¬ 
tional  amplifiers  which  make  up  adual  channel  preamplifier 
and  precision  full-wave  rectifier.  A  circuit  schematic  of 
the  unit  is  presented  in  Figure  5  and  a  linearity  plot  is 
shown  in  Figure  6. 


The  preamplifier  is  of  the  non-inverting  configuration 
which  presents  a  very  high  input  impedance  to  the  trans¬ 
ducer  amplifiers.  The  numerator  ( response  pickup)  and  the 
denominator  (reference  pickup)  signals  ure  fed  through 
identical  circuitry.  The  circuit  draws  very  small  currents 
and  therefore  has  no  loading  effect  on  the  input  instru¬ 
mentation.  The  gain  switch  is  ganged  so  that  both  the 
numerator  and  denominator  channels  are  switched  simul¬ 
taneously.  The  full-wave  precision  rectifier  is  required  to 
provide  a  positive  voltage  for  the  logarithmic  conversion 
amplifiers  when  an  alternating  signal  from  a  vibration  pick¬ 
up  is  applied  to  the  input  terminals.  The  gain  of  the 
rectifier  circuit  is  adjustable  by  u  trimpot  in  the  feedback 
loop. 


Pr*ompl*f it» -  —  — ■  —  AC-DC  Converter 
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Figure  7  -  Logarithmic  Divider 


Ratio  Output  (volts  ovg)  Input  Voltoge  (mv  ovg) 


Lineority  oi  10  Hx 


Output  Voltage  (mv  ovg) 


Figure  8  -  Logarithmic  Amplifier 


Frequency  *  10  Hx 
Gain  -  1.0 

Maximum  Output:  11.0  Volts  Average 


Rotio  Input  (Numerator  Denominator) 

Figure  9  -  Normaliter  Overall  Liuearil/ 


Tin'  remaining  module  contains  a  single  non-inverting 
voltuge-ftrilouer  umplilier  that  provides  a  stable  settle- 
v  ullage  source.  This  voltage  is  passeil  through  a  logarith¬ 
mic  iiittpl itis*r  and  added  to  the  non-inverting  input  of  the 
difference  amplifier.  The  result  is  a  unipolar  input  voltage 
required  by  the  mill  logarithmic  amplifier  for  normalize!'  in¬ 
put  >  ullage  ratios  from  .0]  to  10.  The  scale  voltage  is 
adjusted  to  nrovide  a  normalizcr  oatpn  I'agt  of  1.0  volt 
with  an  input  voltage  tut  in  of  |  .0. 

PKK FOHMANCK  Cl  1 A K ACTEHISTICS 

The  output  vollnge  of  the  normal  izer  is  linear  for  input 
voltage  ratios  from  .01  to  10.0.  A  curve  deserihing  the 
lint’tirily  of  the  normal  izer  (Figure  0)  was  generated  with 
the  reference  voltage  held  constant  at  1.0  volt  rms  while 
the  numerator  voltuge  wus  varied  from  10  millivolts  tu  10 
volts.  A  frequency  response  curve  of  the  normalizcr,  pre¬ 
sented  in  Figure  10,  intlieiites  an  essentially  flat  response 
from  0  to  10  Ivllz. 


A  block  diugram  in  Figure  11  illustrates  the  normnli- 
zer  untl  ass  sauted  equipment  ns  ustxl  on  a  ground  vibra¬ 
tion  test,  A  typical  intxie  shape  plot  marie  by  utilizing  the 
normalizcr  is  presented  in  Figure  12.  Kxperimentation  on 
the  norniultzer  and  other  projects  utilizing  solid-state 
ti|x*rtilional  umtdifiers  us  the  basic  circuit  dement  hus 
lieen  perfomtetl  in  our  luliurtitory  tluring  the  pust  several 
years.  This  work  hus  been  directed  mainly  toward  im¬ 
proving  methtxls  of  processing  vibration  duta.  The  advent 
of  solid-state  nntl  integrated  circuit  operational  amplifiers 
has  muric  experimental  ion  in  these  problem  areas  much 
less  complicated. 
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Figure  11  -  Normalizer  in  Test  Setup 


Butt  Line  Distonce  Along  Wings  (inches) 


Legend: 

O  Wings  Along  14.5°;  Chord 
0  Wings  Along  35’'.  Chord 
V  Wings  Along  55".  Chord 
□  Wings  Along  76®.  Chord 

Figure  12  -  F-4  Aircraft  Asymmetrical  Made 

Ono  of  the*  "spin-olTs”  from  the  development  of  the 
electronic  nornmlizer  is  tin  instrument  designated  us  the 
logarithm ic  ratio  computer  which  performs  the  very  impor- 
larit  function  for  the  dynamics  test  engineer  of  pros  iding  a 
plot  of  vibration  trnnsmisuiliilily.  figure  13  shows  a  block 
diagram  of  the  logarithmic  ratio  computer  und  a  linearity 
plot  of  the  unit  is  shown  in  figure  14. 


Frequency  *  2D  Hi 


Output  Voltoge  (mv  ovg) 

Figure  la  -  Logarithmic  Ratio  Computer  Linearity 


The  circuit  of  ihe  logarithmic  ratio  computer  is  very 
similar  to  that  id'  the  normalizer  with  the  exception  of  the 
'tntilog  and  scale  voltage  stuges.  The  output  voltage  of 
ihe  difference  amplifier  is  plotted  directly  on  logarithmic 
graph  paper  which  is  calibrated  in  units  of  acceleration 
transmissihility  or  "g  per  g".  A  block  diagram  of  a  typical 
transinissihility  system  is  presented  in  figure  15.  A 
typical  transmissihility  plot  is  presented  in  figure  |(i. 


DC  «  Frequency 


Figure  13  -  ctlock  Diagram  Logarithmic  Ratio  Computer 


Figure  15  -  Typical  Transmissihility  Plotting  Svstem 
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Tran*mi*sibi  lity  (g  g) 


SUMMARY 

For  two  years  the  two  described  units  have  lioon  uil- 
vuntageously  list'd  by  t lit*  tost  engineers  in  our  Dynamics 
Laboratory.  The  normal  izer  eliminates  previous  errors  and 
promotes  direet  plotting  of  the  mode  shape  without  correct¬ 
ing  the  data.  The  logarit hm it-  ratio  'om  pater  permits  the 
plotting  of  transmissihility  dutu  during  the  sinusoidal- 
sweep  eyeling  portion  of  the  qualification  and  develop¬ 
mental  vibration  tests.  In  addition  to  the  assets  of  the  in¬ 
struments,  the  immediate  acquisition  of  on-site  test  data 
available  from  the  described  methods  of  plotting  decreases 
the  time  and  increases  the  efficiency  of  tests. 
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RESONANT  BEAM  HIGH  "G"  VIBRATION  TESTING* 


B.  A.  Kohler 

International  Business  Machines  Corporation 
Federal  Systems  Division 
Owego,  New  York 


Response  data  from  early  development  vibration  tests  on  the  Saturn 
Switch  Selector  (a  small  unit  that  routes  and  controls  command  signals 
in  the  Saturn  V  booster)  indicated  that  the  internal  components  were 
exposed  to  250-  g  acceleration  levels  in  the  200-  to  700- Hz  frequency 
range.  These  g  levels  were  higher  than  any  levels  previously  experi¬ 
enced  at  IBM  Owego,  and  they  far  exceeded  the  levels  to  which  com¬ 
ponent  suppliers  were  expected  to  guarantee  their  product.  As  a  re¬ 
sult,  IBM  began  a  comprehensive  component  qualification  program  to 
assure  that  components  selected  for  the  unit  would  operate  in  the  high 
g-level  vibration  environment. 

Part  of  the  qualification  program  called  for  simulation  of  the  high  ac¬ 
celeration  levels,  so  a  special  resonant  beam  fixture  was  designed  and 
built  to  extend  the  capabilities  of  existing  vibration  equipment.  This 
report  covers  the  design,  development,  and  fabrication  of  the  resonant 
beam  fixture  that  allowed  vibration  tests  up  to  250  g  at  varying  fre¬ 
quencies. 


INTRODUCTION 

Tests  conducted  on  a  Saturn  Switch  Selec¬ 
tor  disclosed  that  25- g  vibration  inputs  to  the 
housing  subjected  electronic  circuitry  within 
the  unit  to  vibration  levels  up  to  250  g.  These 
components  —  transistors,  capacitors,  diodes, 
and  relays  --  were  packaged  into  modules  and 
then  filled  with  encapsulant. 

Most  component  procurement  specifica¬ 
tions  require  that  the  component  function  suc¬ 
cessfully  when  vibrated  to  30  g  from  20  to 
2,000  Hz.  A  survey  of  approximately  50  com¬ 
ponent  test  reports  at  IBM  Owwgo  disclosed 
that  33  percent  of  the  small  components  were 
vibration  tested  to  levels  of  30  g  or  less;  90 
percent  of  the  test  levels  were  50  g  or  less;  10 
percent  were  within  a  range  of  50  to  90  g,  and 
none  were  tested  at  over  90  g.  Exploratory 
vibration  tests  on  potted  Saturn  Switch  Selector 
components  showed  that  they  could  withstand 
vibration  levels  up  to  250  g.  Although  the  com¬ 
ponents  functioned  satisfactorily,  the  question 


of  fatigue  and  how  much  vibration  the  compo¬ 
nents  could  withstand,  still  remained. 

A  vibration  analysis  was  performed  to 
establish  the  fragility  level  of  the  components. 
The  an.  lysis  was  performed,  using  the  IBM 
7090  computer  program  for  vibration  and 
stress  analyses,  to  determine  the  acceleration 
level  where  the  components  ceased  to  function 
properly.  The  flexible  elements  within  the 
components  were  analyzed  for  natural  fre¬ 
quencies  and  for  responses  under  a  forced 
vibration  input  up  to  2, 100  Hz.  Table  1  shows 
the  results.  These  data  indicate  that  the  com¬ 
ponents  were  capable  of  withstanding  extreme¬ 
ly  high  vibration  levels.  The  relays  had  the 
lowest  fragility  level  and  presided  the  least 
margin  of  safety.  When  vibrations  were  ap¬ 
plied  along  the  relay's  sensitive  axis,  the 
minimum  fragility  level  was  caused  by  contact 
chatter.  The  level  was  above  200  g  from  20  to 
1,000  Hz,  but  it  gradually  dropped  to  30  g  as 
the  forcing  frequency  approached  the  natural 
frequency  of  2, 006  Hz. 


♦This  paper  not  presented  at  Symposium. 
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TABLE  1 

Component  Failure  Levels 


Component 

Nature!  Frequency 
cps 

Minimum  Fragility 

Leve!  •  G  Peak 

Feilure  Mode 

Criterie  for  Feilure 

Relay 

»x=f  =  2,006 

Y  direction  ■ 

Contect  Chatter 

Deflection  of  moveble  contect  et  station¬ 
ery  contact  exceeds  .00055  in. 

Latch  Position 

J  ’'885 

260  g  at  400  He 

200  gat  1,000  Hr 

126  gat  1,500  Hz 

30  g  et  2,008  Hz 

S-IN645  Diode 

V’v  "  54-451 

X  Direction  - 

Changes  in 

electrical 

characteristics 

Preload  of  whisker  on  semi-conductor 
chip  reduced  by  1  ounce. 

fj  »  74,333 

8250  o.  20-2,100 

Hz 

IN763A  Diode 

*x=fy  -  52,248 

*  =  101,765 

Z  Direction  - 

40,300  g,  20-2,100 

Hz 

Failure  in 
whiskei  to 
chip  bond 

Sheer  stress  in  bond  exceeds  the  300  psi 
lep  sheer  strength  of  the  adhesive  at 

100°  C. 

1  . 

Transistor 

6972  SM  2928 

193,823 

68,000  g,  20-2,100 

Hz 

Mechanical 

fatigue 

Stress  in  aluminum  lead  exceeds  4000  psi. 

Transistor 

6970  SM  6409 

U.U3 

2  560  g,  20-2,100 

Hz 

Mechanical 

Stress  in  gold  lead  exceeds  6,000  psi. 

Transistor 

6969  SM  6408 

22,914 

4,220  g.  20-2,100 

Hz 

Mechanical 

fatigue 

Stress  in  gold  lead  exceeds  8,000  psi. 

Transistor 

6971  -SM  2929 

142,315 

23,300  g,  20-2,100 

Hz 

Mechanical 

fetigue 

Strep:  In  gold  lead  exceeds  8,000  psi. 

Capacitor 

360  D 

40,878 

8.480  g,  20-2.100 

Hz 

Mechanical 

fatigue 

Stress  in  solder  joint  exceeds  8,000  psi. 

RESONANT  BEAM  DESIGN 

The  first  step  in  the  resonant  beam  design 
was  to  determine  its  physical  size.  Calcula¬ 
tions  based  on  vibration  table  size,  encapsu¬ 
lated  cube  dimension,  concentrated  beam  load, 
and  vibration  frequency  bandwidth  were  used  in 
beam  natural  frequency  formulas;  the  results 
indicated  a  variable  length  oeam  14  by  1.875  by 
0. 187  inches.  By  using  a  var.’able  length,  the 
beam  natural  frequencies  could  be  excited  from 
100  to  1,500  Hz. 

Initial  design  concepts  luded  an  auto¬ 
matic  beam  adjustment  wit.  .he  vibration  ma¬ 
chine  operating  automatically  in  the  sweep  fre¬ 
quency  test  range.  Further  study  indicated  that 
a  simpler  design  with  fewer  parts  would  be 
more  reliable  and  cost  less.  The  final  beam 
configuration,  shown  in  Fig.  1,  Included  a 
hold-down  clamp  for  the  encapsulated  test 
component,  adjustab’.e  beam  clamps,  and  a 
clamp  base  to  attach  the  beam  to  the  vibration 
table. 


The  end  clamps  allow  manual  adjustment 
of  the  beam's  length.  Experimental  vibration 
runs  through  the  test  frequency  range  indicated 
where  graduations  should  be  marked  along  the 
clamping  base.  With  five  clamping  adjustments, 
vibration  performance  could  be  monitored  from 
100  to  1,  500  Hz.  The  lowest  resonant  beam 
frequency  and  corresponding  maximum  beam 
length  allowed  the  vibration  inputs  to  stabilize 
at  100  g  while  sweeping  a  100- through  200- Hz 
bandwidth.  At  the  high  end,  a  sweep  frequency 
band  between  700  and  1 , 500  Hz  can  be  covered 
with  the  clamped  beam  setting  fixed.  Fig.  2 
shows  the  clamping  intervals  during  the  vibi  a- 
tion  test  profile. 

BEAM  TESTING  AND  VIBRATION  RESULTS 

Initial  beam  evaluation  included  a  test  to 
indicate  operational  vibration  input/output 
levels.  The  beam  material  for  this  test  was 
2024-T4  aluminum  0. 185  inch  thick.  Peak 
resonance  was  maintained  constant  at  430  Hz 
with  an  effective  beam  length  of  6. 25  inches. 


i  1111 


Frequency  (Hi) 


Fig.  2.  Test  profile 

A  2- inch  cube  of  encapsulant  mounted  at  the  each  component  extended  through  the  encapsu- 

center  of  the  beam  weighed  0, 3  pound.  The  re-  lant  cube  to  accept  test  equipment  inputs  dur- 

sults  in  Fig.  3  indicate  a  beam  acceleration  ing  vibration  testing, 

performance  exceeding  the  maximum  g  test 

requirement  of  250  g.  The  cube  configuration  allowed  the  encap¬ 

sulated  component  to  be  clamped  to  the  beam 

During  continuous  operation  at  250  g,  a  in  each  of  the  three  vibration  axes.  Tests  con- 

decreasing  transmissability  ratio  indicated  ducted  with  accelerometers  in  the  centers  of 

beam  fatigue.  Therefore,  life  tests  were  per-  different  types  of  encapsilants  indicated  little 

formed  on  beams  of  various  material:  alumi-  or  nc  vibration  damping,  and  the  encapsulants 

num,  stainless  steel,  and  steel.  Stainless  steel  themselves  endured  high  g  loading  when 
was  selected.  Test  conditions  and  results  are  clamped  to  the  resonant  beam.  These  tests  to 

shown  in  Fig.  4.  determine  mechanical  transmissability  were 

performed  with  an  accelerometer  embedded  in 

Further  evaluation  established  stainless  Stycast  1090,  Koldmount,  epolene  wax,  and  a 

steel  beam  vibration  capabilities  when  the  1/8- inch  jacket  of  epolene  wax  in  Koldmount. 

beam  was  clamped  at  maximum  and  minimum  The  encapsulated  accelerometers  were  sub¬ 
effective  lengths.  With  the  beam  clamped  at  a  jected  to  the  following  vibration  levels:  100  Hz 

maximum  effective  length  of  14  inches,  peak  at  14  g  peak;  200,  400,  500,  and  700  Hz  at 

resonance  occurred  at  95  Hz  and  the  beam  ac-  250  g  peak;  800  and  1 , 000  Hz  at  215  g  peak; 

celeration  reached  140  g  with  a  2-g  exciter  in-  1,000,  1,200,  and  1.  500  Hz  at  175  g  peak;  and 

put.  When  the  beam  was  clamped  at  a  minimum  1 , 700  and  2, 000  Hz  at  100  g  peak, 

effective  length  of  3. 25  inches,  peak  resonance 

occurred  at  1,400  Hz  and  the  beam  accelera-  Fig.  6  slows  the  output  g  level  deviation 

tion  reached  20  g  with  a  2-g  exciter  input.  Dif-  in  the  encapjulants  from  the  input  g  level  for 

ferent  beam  frequencies  can  be  obtained  by  five  frequency  bands, 

changing  the  beam  thickness. 

An  analysis  of  the  point-to-point  g  level 

Loading  at  the  beam  center  Included  the  measurements  for  the  encapsulant,  excluding 

test  component,  encapsulant  cube,  accelerom-  epolene  wax,  showed  thal  all  levels  were  with- 
eter,  and  clamping  hardware  as  shown  in  in  +6  percent  and  -10. 7  percent  of  the  input 

Fig.  5.  Individual  test  components  embedded  levels.  Some  support  problems  occurred  with 

in  a  cube  of  encapsulant  simulated  actual  as-  the  epolene  wax  because  of  its  extreme  brit- 

sembly  holding  conditions.  Wiring  attached  to  tleness.  However,  the  maximum  percent 
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Beam  Input 
G-RMS 

Beam  Output 
G-RMS 

1  so 

2 

140 

3 

160 

4 

170 

6 

200 

8 

240 

10 

280 

Test  Configuration 
Accelerometer  Locations 


Fig.  3.  Beam  acceleration  output  at  430  Hz  peak  resonance 


Material 

Thickness 

(Inches) 

Length 

(Inches) 

Freq 

(Hz) 

Accel 

G-Peak 

Time  to  Fail 
(Minutes) 

Aluminum 

2024-T4 

.250 

13.94 

105 

250 

20 

Stainless 

Steel  304 

.250 

13.94 

170 

250 

94 

Steel 

1020 

.250 

13.94 

162 

250 

45 

Fig.  4.  Beam  vibration  fatigue 


variation  in  the  wax  was  13. 9  percent.  The 
average  transmissability  of  the  encapsulants 
up  to  1 , 500  Hz  was  basically  unity.  Beyond 
1, 500  Hz,  a  maximum  deviation  of  -10.  7  per¬ 
cent  could  be  expected. 


Beam  fatigue  failure  was  the  most  signifi¬ 
cant  problem  during  the  component  vibration 
qualification  program.  However,  a  total  run¬ 
ning  time  test  log  was  maintained  so  that  beams 
could  be  replaced  before  failure.  Spare  beams 
supplied  in  advance  allowed  continuous  testing 
with  minimum  delay. 


CONCLUSIONS 

High  g  level  vibration  testing  can  be  ac¬ 
complished  by  using  resonant  beams  in  con¬ 
junction  with  existing  vibration  exciters.  The 
specific  stainless  steel  beam  used  in  the 
Saturn  Switch  Selector  vibration  tests  per¬ 
formed  to  a  stepped  vibration  profile  requiring 
a  maximum  250-g  level.  Small  test  compo¬ 
nents  embedded  in  the  center  of  a  cube  of  en- 
capsulant  and  clamped  to  a  resonant  beam  re¬ 
mained  practically  undamped  during  high  g- 
level  vibration  and  functioned  properly  during 
vibration  levels  as  high  as  250  g. 
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Frequency 

(Hz) 

}  Deviation  Input  G/Output  G 

Stycast 

1090 

0.12  Inch  Jacket 
Epolene  Wax 
in  Koldmount 

Koldmount 

Epolene  Wax 

100-200 

+2.1 

+0.7 

+0.2 

•8.3 

200-700 

-1.3 

-2.5 

+2.7 

-1.5 

700-1,000 

-1.5 

•1.2 

+1.2 

-1.0 

1,000-1,600 

+2.0 

-1.5 

-1.0 

-5.5 

1,500-2,000 

-5.0 

-3.0 

-8.0 

•9.0 

Accelerometer  Locations 

^ —  Innut  Accelerometer 


Fig.  6.  Encapsulant  vibration  response 


THE  USE  OF  LIQUID  SQUEEZE- FILMS  TO  SUPPORT  VIBRATING  LOADS 


By  Brantley  R.  Hanks 
NASA  Langley  Research  Center 
Langley  Station,  Hampton,  Va. 


An  analytical  and  experimental  investigation  was  conducted  to  determine 
the  bond  strength  of  liquid  squeeze-films  subjected  to  oscillating  loads 
normal  to  the  plane  of  the  film.  A  mass  with  a  flat  circular  bottom  was 
placed  on  a  rigid  flat  base  covered  with  a  thin  layer  of  liquid.  A  sinusoi¬ 
dal  oscillation  was  then  imparted  to  the  base,  and  the  acceleration  level 
necessary  to  break  the  bond  of  the  liquid  film  was  measured  under  both 
atmospheric  and  vacuum  ambient  pressure  conditions.  The  effects  of  a 
number  of  variables,  in  particular  the  mass,  contact  area,  oscillatory 
frequency,  fluid  vapor  pressure,  viscosity,  and  surface  tension,  were 
considered.  Results  indicated  that  liquid  squeeze-films  can  be  used  to 
support  vibrating  loads  of  considerable  magnitude,  even  in  a  vacuum 
environment.  The  limiting  factor  on  the  bond  strength  was  found  to  be 
the  fluid  cavitation  pressure  which  can  be  negative.  An  analysis  was 
developed  based  on  Reynolds  lubrication  theory  and  was  found  to  predict 
the  basic  trends  of  the  data. 


INTRODUCTION 


The  launch  of  spacecraft  substructures 
which  are  very  sensitive  to  deflection,  such  as 
large  diffraction- limited  telescope  mirrors, 
presents  problems  in  securing  the  substructure 
to  the  spacecraft.  Launch  vibrations  can 
damage  the  structure  so  as  to  reduce  or 
destroy  its  usefulness.  Liquid  squeeze-films, 
that  is,  thin  liquid  films  loaded  normal  to  the 
plane  of  the  film,  may  offer  advantages  for  the 
support  of  such  structures  during  launch.  A 
thin  film  of  fluid  separating  two  parallel  sur¬ 
faces  offers  considerable  resistance  to  forces 
which  tend  to  push  the  surfaces  together  or 
pull  them  apart  provided  the  load  is  not  applied 
for  a  long  period  of  time.  Therefore,  a 
squeeze-film  may  be  applicable  for  the  attach¬ 
ment  of  substructures  to  a  launch  vehicle 
during  the  vibratory  load  periods  of  launch. 

Foi  a  deflection-sensitive  structure  such  as  a 
telescope  mirror,  this  method  of  attachment 
offers  several  potential  advantages  including 
(1)  a  continuously  distributed  load,  hence, 
negligible  stiess  concentrations  (2)  evenly 
distributed  heat  transfer  between  the  mirror 
and  supports  and  (3)  easy  release  of  the 
mirror  for  positioning  once  the  launch  period 
has  passed  by  either  applying  a  very  small 
static  load  for  a  long  time  or  by  permitting 
the  fluid  to  evaporate  into  the  vacuum  of 
outer  space. 


The  load-supporting  capacity  of  liquid 
squeeze-films  is  of  primary  importance  in 
lubrication  theory.  The  basic  analysis  of  this 
capacity  was  first  presented  by  Reynolds  in 
reference  1  in  1886.  His  work  included  studies 
of  flat  and  curved  surfaces  moving  both  verti¬ 
cally  and  horizontally  with  respect  to  a  thin 
fluid  film.  Generally,  the  load-supporting 
capacity  of  a  thin  liquid  film  is  considered  for 
application  to  dynamic  bearings  of  all  types. 
However,  the  hydrostatic  capacity  of  such  films 
has  also  received  some  attention.  For 
example,  the  resistance  of  a  fluid  to  being 
squeezed  from  beneath  flat  plates  of  various 
geometries  is  discussed  in  reference  2,  and 
force-time  values  for  the  thickness  of  such  a 
film  are  presented  in  reference  3.  The  actual 
use  of  this  squeeze-film  load  capacity  for  other 
than  lubrication  purposes  has  received  only 
limited  attention.  The  use  of  a  squeeze-film  as 
a  high- force  vibration  damper  was  hypothesized 
in  reference  4  but  was  never  actually  applied 
to  dynamic  problems.  A  brief  experiment  was 
mentioned  in  reference  5  in  which  an  oil  film 
was  used  to  attach  a  mass  to  a  vibrating  table, 
but  results  were  nonconclusive.  There  is  a 
brief  discussion  of  using  a  squeeze-film  as  a 
bond  in  reference  7,  and  random  localized 
cavitation  is  mentioned  as  the  limiting  bond 
strength  factor  for  impact- loaded 
squeeze-films. 

The  purpose  of  the  investigation  reported 
herein  was  to  explore  the  feasibility  of  using 
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thin  liquid  squeeze-films  to  support  vibrating 
loads  and  to  obtain  information  about  the 
tensile  failure  loads  of  such  films.  The  vibra¬ 
tory  acceleration  necessary  to  cause  detach¬ 
ment  of  a  mass  held  to  a  vibrating  base  by  a 
fluid  film  was  measured  as  affected  by  the 
following  variables:  load  per  unit  contact  area, 
ambient  pressure,  fluid  vapor  pressure,  and 
oscillatory  frequency.  A  modified  version  of 
the  Reynolds  theory  was  developed  for  the 
prediction  of  the  failure  load,  and  a  comparison 
between  theory  and  experiment  is  made. 


THEORY 

The  behavior  of  thin  viscous  fluid  films 
being  squeezed  from  between  parallel  or  nearly 
parallel  surfaces  was  first  treated  theoreti¬ 
cally  by  Reynolds  ir.  reference  1  and  is 
discussed  in  detail  in  modern  text  books  on 
lubrication.  Since  the  general  theory  is  well 
known,  only  the  specific  case  of  interest,  that 
of  a  flat  disc  vibrating  against  a  fluid-covered 
flat  surface,  will  be  considered  here.  Applica¬ 
tion  of  the  basic  theory  to  the  case  of  a  mass 
bonded  to  a  vibrating  base  by  a  thin  liquid  film 
will  then  be  discussed. 


Basic  Equations 

The  configuration  considered  is  shown  in 
figure  1.  It  consists  of  a  rigid  disc  of  radius 
R  separated  from  a  surface  by  a  thin  fluid 
film  of  instantaneous  thickness  h  and  moving 
with  instantaneous  velocity  V  relative  to  the 
surface. 

F.V 


Figure  1.-  Basic  configuration  for  analysis. 


Considering  this  as  a  hydrostatic  problem 
Reynolds  determined  the  pressure  p  at  any 
radius  r  In  the  fluid  to  be 


where  pa  is  the  ambient  pressure  of  the 

environment  and  /i  is  the  viscosity  of  the 
fluid.  The  derivation  of  this  equation  is  based 
upon  the  assumptions  that  viscous  forces 
predominate  over  acceleration  forces  in  the 
fluid  and  that  the  pressure  is  constant  across 
the  film  thickness.  The  equation  is  generally 
used  to  demonstrate  the  resisting  force 
produced  by  a  fluid  being  squeezed  from 
between  two  closely  spaced  parallel  surfaces 


(i.e.,  V  is  negative).  However,  if  the  plate  is 
being  pulled  away  from  the  surface  (V  positive), 
the  film  can  exert  a  large  hold-down  force. 

This  can  be  shown  by  examining  a  cross  section 
of  the  pressure  distribution  on  the  top  and 
bottom  of  the  plate  as  shown  in  figure  2. 


Figure  d. -  Pressure  distribution  on  plate. 


The  force  F  on  the  plate  required  to  produce 
the  velocity  V  is  calculated  by  integrating 
the  difference  in  pressure  over  the  area, 
that  is, 


F*-Up^[p»-^(R2'rl 


,dA  =3-2i±™ 
2h3 


(2) 


If  the  film  thickness  is  small  compared  to  the 
plate  radius  (h<<R),  the  velocity  V  will  be 
small  unless  the  force  F  is  extremely  high. 
In  cases  where  the  velocity  is  small,  it  seems 
reasonable  to  assume  that  equation  (2)  holds 
when  F  is  time  varying.  When  F  is  a 
known  applied  force,  h  can  be  calculated  as  a 
function  of  time  from  the  equation  since 

V  =  gj? .  Assuming  F  =  FQ  sinwt  and  an 

initial  film  thickness  of  h  ,  integration  of  (2) 
yields  _  0 


1/2 


h(t)  =  h 


4F  h  ‘ 

1 - 2  (1-coscot) 


3ffpR4u) 


(3) 


The  maximum  thickness  h _ occurs  at 

max 


t  =  and  is  given  by 


h _ _  =  h 

max  o 


1  - 


8Fh 
o  o 
—  T 

3)7/uiR  u> 


1/2 


(4) 


For  the  thickness  to  increase  to  a  point  where 
the  fluid  offers  little  resistance  to  the  plate 

8F  h  2 


motion,  the  term 


o  o 
3j7/jiR4u> 


must  be  equal  to 
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almost  one.  For  example,  if  this  term  has  a 
value  of  0.99,  the  film  thickness  will  increase 
by  a  factor  of  ten  which  would  change  an  hQ 

of  0.01  cm  to  an  h _ _  of  0.1  cm.  Therefore, 

max 

the  condition  for  viscous  failure  of  the  fluid 
film  bond  may  be  written 

Fo>  3it2uR4 

T“TT 


where  f  \i  =  is  the  frequency  of  the 
vibrating  force.  Obviously,  if  hQ  is  small 
compared  to  R,  the  force  FQ  must  be 

extremely  high  or  the  frequency  must  be 
extremely  low  to  result  in  a  flow  failure  of  the 
bond. 


Cavitation  and  Liquid  Tension 


It  is  likely  that  instead  of  viscous  flow 
failure  of  a  squeeze-film  bond  taking  place, 
cavitation  will  occur  in  the  fluid  and 
equation  (5)  will  not  be  applicable  to  predicting 
bond  failure.  The  pressure  distribution  in  the 
fluid  is  given  by  equation  (1).  During  upward 
motion  of  the  plate,  the  minimum  pressure  will 
occur  at  r  =  0  and  is  given  by 


pmin 


3uVR 


Rewriting  equation  (2)  as 

34VR2-  2F 
h3  ttR5 

and  substituting  in  (6)  gives 


(6) 


2F 

pmin  "  pa  ^2 

Substituting  the  cavitation  pressure  pc  of 
the  fluid  for  Pmln  in  (7)  and  rearranging 
gives  the  force  to  produce  cavitation  as 


(7) 


Substituting  (8)  for  FQ  in  equation  (5)  and 
rearranging  yields 


for  the  approximate  transition  frequency  above 
which  cavitation  occurs  before  a  flow  failure 
can  take  place.  For  very  thin  films  the  failure 
mechanism  will  usually  be  cavitation  rather 


than  flow  except  at  very  low  frequencies.  In 
elementary  fluid  mechanics,  cavitation  is 
assumed  to  occur  when  the  pressure  at  some 
point  in  the  fluid  becomes  equal  to  the  vapor 
pressure  of  the  fluid.  However,  theoretical 
studies  (ref.  6)  and  experimental  tests 
(ref.  7)  have  shown  that,  because  of  Van  der 
Waal-type  molecular  forces,  a  liquid  can 
sustain  a  tensile  force  of  large  magnitude 
(i.e.,  the  pressure  in  the  liquid  state  cannot 
only  be  less  than  the  vapor  pressure  but  can 
actually  become  negative).  In  practice,  this 
tensile  capacity  is  a  function  of  the  cleanliness 
.ind  absence  of  gas  bubbles  in  the  fluid 
(refs.  9-11).  Generally,  small  impurities  and 
gas  bubbles  exist  in  the  fluid  and  cavitation 
occurs  around  these  nuclei.  Even  when  such 
nuclei  are  present,  the  pressure  must  be  low 
enough  to  overcome  surface  tension  around  the 
nucleus  and/or  the  low  pressure  application 
time  must  be  long  enough  for  absorbed  gases 
to  come  out  of  solution  around  the  nucleus 
before  cavitation  can  occur.  This  means  that 
liquid  tension  can  be  obtained  in  impure  liquids 
and,  in  the  case  of  pressure  cycling,  may  be 
frequency  dependent.  Therefore,  even  if  the 
ambient  pressure  is  negligible,  as  in  outer 
space,  a  thin  fluid  film  can  be  capable  of 
supporting  a  vibrating  load  provided  that  the 
frequency  of  the  load  does  not  permit  separa¬ 
tion  by  flow  as  governed  by  equation  (9)  and 
provided  some  device  is  employed  to  prevent 
vaporization  under  static  conditions.  The 
magnitude  of  this  load  will  depend  on  the 
absence  of  impurities  or  gas  bubbles  of  appre¬ 
ciable  size  in  the  fluid.  If  the  fluid  can  be  kept 
absolutely  free  of  cavitation  nuclei,  a  bond  of 
significant  dynamic  strength  may  be  realized. 
Characteristics  of  this  type  bond  are  that 
freedom  of  side  movement  would  be  maintained, 
the  load  is  distributed  over  a  large  area  rather 
than  concentrated  at  points,  and  release  by  flow 
can  be  attained  by  applying  a  small  static  load. 
Such  a  bond  could  be  of  use  in  securing  space 
vehicle  components  during  the  vibrations  of 
launch  and  yet  permit  easy  release  and/or 
positioning  once  the  critical  dynamic  loading 
period  has  passed.  A  typical  application  would 
be  in  launch  of  large  telescope  mirrors  into 
orbit  since  critical  optical  figure  requirements 
preclude  "point  load"  clamps  on  such  mirrors. 
On  the  earth  where  a  large  ambient  pressure 
gives  high  bond  strength,  possible  applications 
are  for  temporary  attachment  of  objects  to 
vibrating  bases  and  prevention  of  "hop"  of 
vibrating  machinery  where  reasonable  porta¬ 
bility  must  be  maintained. 

Once  a  bubble  has  formed  and  started  to 
grow,  some  additional  load  may  be  required  to 
cause  actual  separation  of  the  two  plates. 
Calculation  of  this  load  is  a  complex  problem 
involving  bubble  growth  rate  and  rate  of  change 
of  viscous  forces.  A  simplified  treatment  of 
this  problem  in  reference  12  showed  that,  once 
the  bubble  starts  to  grow,  it  can  grow  to 
considerable  size  with  no  increase  in  applieo 
force.  Simultaneously,  the  thickness  of  the  film 
is  increasing  resulting  in  a  decrease  in  the 
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viscous  force  in  the  fluid.  These  phenomena 
are  possibly  dependent  on  time,  surface 
tension,  and  viscosity.  Hence,  separation  may 
not  occur  at  the  instant  bubble  growth  begins 
but  will  probably  occur  as  loads  and  frequencies 
very  near  those  which  initiate  bubble  growth. 


cavitation  pressure  assumed  to  be 
vapor  pressure  py  =  p)  ,  that 


the  fluid 
is 


(13) 


Mass  on  a  Vibrating  Base 

The  motion  of  a  mass  bonded  to  a  vibrating 
base  by  a  squeeze- film  is  governed  by  a  non¬ 
linear  differential  equation  having  a  lorce  term 
proportional  to  the  inverse  cube  of  displace¬ 
ment.  The  utility  of  a  solution  to  the  equation 
is  far  outweighed  by  its  complexity  since  for 
very  thin  films,  the  motion  of  the  mass  will  be 
nearly  the  same  as  that  of  the  base.  This  can 
be  seen  by  assuming  that  the  base  is  moving  in 
some  manner  which  produces  a  sinusoidal 
acceleration  of  the  mass.  Equation  (2)  is  then, 
since  F  =  nmg  sin  out, 


dh  _  2  nmg  h" 


sin  out 


(10) 


where  m  is  the  mass  and  n  is  the  peak 
acceleration  of  the  mass  in  earth  gravity  units. 
Differentiation  of  this  equation  gives 


d2h  _  2  nmg  h3 
"d?  3jrpR4 


w  cos  out  +  2-Pm£>2h  sin2  out 
iru  R4 

(ID 


for  the  relative  acceleration  of  the  mass  with 
respect  to  the  moving  base  where  h  is  given 
by  equation  (4).  If  the  film  thickness  is  small 
with  respect  to  the  disc  radius  and  other  vari¬ 
ables,  then  the  peak  relath  acceleration 
between  the  mass  and  base  will  be  negligible 
compared  the  peak  absolute  acceleration,  ng, 
of  the  mass.  The  same  is  true  of  velocity  as 
can  be  seen  in  equation  (10).  Obviously,  the 
motion  of  the  mass  and  the  base  will  be 
virtually  the  same  and  a  transmisgibillty  of  one 
can  be  assumed  through  the  squeeze-film. 


Assuming  a  sinusoidal  Input  and  a  trans- 
mlssibillty  of  one,  the  peak  force  on  the 
squeeze- film  during  a  cycle  is  equal  to  the 
mass  times  the  acceleration  or  mng.  There¬ 
fore,  the  minimum  input  acceleration  in  earth 
gravity  units  to  cause  cavitation  is  given  by 


“  '  2§|  ("a  *  Pc)  (1! 

which  comes  from  substituting  for  the  force  in 
equation  (8). 


Some  difficulty  is  encountered  in  applying 
equation  (12)  because  of  the  unknown  variable 
Pc.  The  approach  used  in  this  paper  is  to 

present  experimental  data  and  determine  from 
the  data  the  magnitude  and  trends  of  the  liquid 
tension  forces.  Equation  (12)  with  the 


was  used  as  a  basis;  and  the  difference  between 
this  calculated  value  of  n  and  the  actual  test 
value  was  treated  as  tension. 


APPARATUS  AND  TEST  PROCEDURE 


The  experimental  configuration  used  to 
investigate  liquid  film  bond  strength  was 
basically  two  parallel  discs  separated  by  a  thin 
fluid  film.  A  dynamic  excitation  was  imparted 
to  one  disc,  and  the  other  was  fr  ee  to  move  as 
the  fluid  permitted.  The  actual  test  apparatus, 
shown  schematically  in  figure  3,  consisted  of  a 
cylindrical  mass  standing  on  end  in  a  rigid  base 
which  was,  in  turn,  attached  to  an  electro¬ 
magnetic  shaker. 


Figure  3. -  Sectioned  schematic  of  basic  test 
apparatus. 

A  thin  fluid  film  separated  the  two  adjoining 
surfaces,  and  a  small  reservoir  of  fluid 
was  ms  ntained  around  the  mass  by  walls 
on  the  base.  Clearance  between  the 
sides  of  the  mass  and  base  was  sufficiently 
large  to  eliminate  shear  effects  and  teflon 
guides  prevented  side  slippage  of  the  mass.  An 
accelerometer  was  attached  to  each  mass,  as 
shown,  to  monitor  the  vertical  accelerations. 
The  mass  and  base  were  machined  from  6061 
aluminum  alloy,  and  the  contact  surfaces  were 
finished  to  1.6  microns  rms.  Three  cylindrical 
mass  configurations  were  used  to  study  the 
effects  of  mass  and  contact  area.  Masses  of 
1767  gr,  4020  gr,  and  13,600  gr  with  a  12.7  cm 
contact  surface  diameter  and  3730  gr  with  a 
7.62  cm  contact  surface  diameter  were  tested 
giving  area  loadings  of  1365,  3105,  10  500,  and 

8020  N/m  ,  respectively.  A  photograph 
showing  the  base  mounted  to  the  shaker  and  two 
of  the  mass  configurations  is  shown  in  figure  4. 
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Figure  4.-  Test  base  m  anted  to  shaker  head  and  two  of  the  test  mass  configurations. 


Three  different  fluids  -  tap  water,  acetone, 
and  silicone  oil  -  were  tested  in  order  to  study 
the  effects  of  vapor  pressure  and  viscosity. 

The  properties  of  these  fluids  are  shown  in 
table  I. 

The  tests  were  conducted  in  a  combined 
environments  test  chamber.  It  is  a  double- 
walled  cylinder  with  a  1.8-m  internal  diameter 
test  section  and  an  electromagnetic  shaker 
rigidly  mounted  to  a  foundation  beneath  the 
chamber.  The  shaker  head  extends  through  the 
wallF  of  the  vacuum  chamber  and  is  sealed  by 
a  thin  rubber  diaphragm.  The  environmental 
chamber  was  used  to  produce  a  moderate 
vacuum  (5  torr)  for  the  squeeze-film  tests. 

A  block  diagram  of  the  instrumentation 
used  to  control  the  shaker  and  obtain  data  is 
shown  in  figure  5.  A  servo-controlled  oscilla¬ 
tor  was  used  to  control  the  input  frequency  and 
amplitude  to  the  shaker.  Small,  matched- 
output,  piezoelectric  crystal  accelerometers 
monitored  the  motion  of  the  mass  and  base. 

The  accelerometers  were  coupled  through 
battery-operated  power  supply  units  to  a  dual¬ 
beam  oscilloscope  and  to  two  rms  voltmeters. 


The  output  of  the  base  accelerometer  was  also 
used  to  operate  a  protection  circuit  in  the 
oscillatoi  which  deenergized  the  shaker  when  a 
large  instantaneous  amplitude  increase 
occurred.  This  automatically  shut  off  the 
shaker  when  the  test  mass  detached  from  the 
base.  The  automatic  shut-off  circuit  could  be 
bypassed  when  desired.  An  electronic 
frequency  counter  was  used  to  monitor  the 
vibration  frequency. 

The  vibratory  force  required  to  break  the 
fluid  bond  between  the  mass  and  base  plate  was 
measured  for  a  range  of  ambient  pressures, 
vibration  frequencies,  and  fluid  properties. 

For  a  particular  ambient  pressure,  fluid,  and 
input  frequency,  the  vibration  level  was 
increased  manually  until  the  mass  detached 
from  the  base.  The  vibration  level  at  which 
separation  occurred  was  read  visually  from 
the  rms  voltmeter  displaying  the  output  of  the 
base  plate  accelerometer.  During  each  test, 
a  constant  comparison  of  the  two  accelerometer 
outputs  was  made  to  determine  transmissibility. 
Generally,  two  minutes  time  for  the  mass  to 
settle  was  allowed  between  tests  to  obtain  the 
same  approximate  film  thickness  from  test  to 


TABLE  I.  -  TEST  FLUID  PROPERTIES  AT  20°  C 


Fluid 

Density,  p, 
gr/cm^ 

Viscosity, 

M,  cp 

Sirface  tension, 
ct,  dynes/cm 

Vapor  pressure, 
pv,  mm  Hg 

Silicone  oil 

0.95 

55 

28 

5 

Tap  water 

1 

1 

73 

20 

Acetone 

0.79 

0.33 

24 

175 

81 


test,  but  this  was  not  found  to  be  a  critical 
factor.  No  precise  measui  ements  of  film 
thickness  were  made. 

In  general,  each  fluid  was  tested  at 
specific  frequencies  ranging  from  20  to  300  Hz 
and  at  ambient  pressure  ranging  from  one 
atmosphere  down  to  the  vapor  pressure  of  the 
fluid. 


Figure  5.-  Block  diagram  of  test  instrumentation 
and  shaker  controls. 


RESULTS  AND  DISCUSSION 


The  test  program  consisted  of  an  examina¬ 
tion  of  the  magnitude  of  an  oscillating  load 
required  to  break  a  liquid  squeeze-film  bond 
as  a  function  of  the  variables:  load  per  unit 
contact  area,  ambient  pressure,  fluid  vapor 
pressure,  and  frequency  of  the  oscillating  load. 
The  primary  objectives  were  to  demonstrate 
the  feasibility  of  using  squeeze-films  for 
supporting  vibratory  loads  and  to  study  the 
application  of  the  modified  Reynolds  theory  for 
predicting  the  load  support  capacity. 


Effect  of  Ambient  and  Vapor  Pressure 

The  variation  of  the  fluid  film  bond  strength 
with  ambient  pressure  is  shown  in  figures  6 
through  8.  The  detachment  acceleration  of 
the  mass  in  earth  gravity  units  is  presented  as 
a  function  of  the  ambient  pressure  in  atmos¬ 
phere  for  several  combinations  of  fluids, 
frequencies  of  vibration,  ar.d  weight- per- unit- 
contact-area  ratios.  Also  presented  in  each 
figure  is  a  plot  of  equation  (13),  that  is,  the 
modified  Reynolds  equation  with  no  liquid 
tension  effects.  (Note  that  l.Og  is  added  to 
compensate  for  earth  gravity.)  The  data  of 
figures  6(a)  and  6(b)  were  obtained  using  a 
55  cp  silicone  oil  squeeze-fiim  at  frequencies 
of  100  and  40  Hz  for  a  weight  per  unit  area  of 

1365  N/m^.  Figures  7(a)  and  7(b)  show  data 
for  the  same  conditions  except  that  the  weight 

2 

per  unit  area  is  8020  N/m  .  In  each  case  the 
variation  )f  the  data  with  ambient  pressure  is 
predicted  by  the  equation,  and  this  variation  is 
independent  of  frequency.  An  effective  liquid 


tension  exists  which  is  equal  to  the  difference 
in  the  data  points  and  the  curve  for  tne  equa¬ 
tion.  This  tension  is  independent  of  pressure 
and  exists  even  when  the  ambient  pressure 
equals  the  vapor  pressure  of  the  oil.  The 
effective  liquid  tension  does  vary  with 


la)  FREQUENCY  =  40  Hz. 


Figure  6.-  Detachment  acceleration  as  a  function 
of  ambient  pressure  for  two  frequencies  using 
55  cp  silicone  oil.  mg/A  =  1365  N/m2. 


30- 


of  ambient  pressure  for  two  frequencies  using 
55  ep  oil.  mg/A  «  R020  N/m2. 
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0  .25  ,  50  .  75  1 

AMBIENT  PRESSURE,  atm 

(1)  TAP  WATER 
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AMBIENT  PRESSURE.  jtm 
<t»  ACETONE. 

Figure  3. -  Detachment  acceleration  as  a  function 
of  amt; lent  pressux’  at  100  Hz  using  two  fluids. 
mg/A  =<  X565  N/m2. 


frequency  as  will  be  discussed  later. 

Figures  8(a)  and  8(b)  show  a  similar  variation 
of  the  load  with  ambient  pressure  using  tap 
water  and  acetone,  respectively,  for  tests  at 

100  Hz  with  a  weight/aroa  of  1365  N/m^.  The 
water  exhibited  a  load  capacity  and  tension 
considerably  higher  than  that  of  the  acetone 
and  near  that  of  the  silicone  oil.  Since  the 
viscosity  of  the  water  was  more  nearly  equal  to 
that  of  the  acetone  than  that  of  the  oil,  a 
viscous  flow  bond  failure  appears  unlikely.  A 
cavitation  failure  such  as  assumed  in 
equation  (12)  more  correctly  explains  the  data. 


Effect  of  Mass  and  Area 

The  effect  of  mass  and  area  on  the  detach¬ 
ment  load  is  shown  in  figures  9(a)  and  9(b). 
Acceleration  at  detachment  is  presented  as  a 
function  of  weight  per  unit  area  for  oil  and 
water  at  one  atmosphere  ambient  pressure.  A 
plot  of  equation  (13),  which  varies  as  the 
inverse  of  the  weight  per  unit  area,  is  also 
presented.  The  correct  trend  is  predicted  by 
the  modified  Reynolds  equation  regardless  of 
whether  mass,  area,  or  both  are  changed. 


Effect  of  Film  Thickness 

As  stated  in  the  section  on  apparatus,  no 
accurate  measurements  were  obtained  of  the 
fluid  film  thickness  in  any  of  the  experiments 
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conducted.  However,  a  brief  study  was  made 
of  the  time  allowed  for  the  mass  to  settle 
before  beginning  oscillation.  This  time  is 
related  to  film  thickness  (ref.  3).  Similar 
detachment  accelerations  were  obtained  for 
identical  test  conditions  regardless  of  the 
settle  time  allowed  even  though  this  time  wees 
varied  from  a  few  seconds  to  as  much  as 
2  days.  Evidently,  the  thickness  of  the 
squeeze-film  did  not  significantly  affect  its 
bond  strength.  This  conclusion  agrees  with  the 
prediction  of  equation  (12)  and,  hence,  depends 
on  the  occurrence  of  a  cavitation  type  failure. 


0  2  4  (  I  10  ,2 
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Figure  9.-  Variation  of  detachment  acceleration 

with  weight  per  unit  area  for  t vo  fluids 

p  -  1  atm,  f  «  100  Hz , 
a 

Effect  of  Frequency 

The  variation  of  the  detachment  accelera¬ 
tion  with  vibratory  load  frequency  is  shown  in 
figure  10  for  frequencies  ranging  from  20  to 
300  Hz.  Data  are  presented  for  tests  at  one 

3°r 


Figure  10.-  Variation  of  detachment  acceleration 
with  oscillatory  frequency.  rog/A  =  8020  N/m2, 

p  =  1  atm. 
a 


atmosphere  ambient  pressure  with  the  7.62  cm 
diameter,  4020  Kg  mass  using  oil,  water,  and 
acetone  squeeze-films.  The  bond  strength  is 
seen  to  increase  with  increasing  frequency, 
and  the  rate  of  increase  becomes  small  as  the 
frequency  becomes  high.  The  frequency  trend 
of  the  detachment  data  does  not  depend  on  the 
fluid  although  the  magnitude  of  the  detachment 
acceleration  does.  Similar  trends  were  noted 
in  all  tests  regardless  of  ambient  pressure  or 
weight  per  unit  area. 


Liquid  Tension 

The  effective  tensile  load  for  each  fluid  is 
shown  as  a  function  of  frequency  in  figure  11. 
These  curves  were  obtained  by  subtracting  the 
computed  detachment  acceleration 
[equation  (13)]  from  the  faired  data  curves  of 
figure  10.  The  curves  indicate  a  higher 
effective  tension  in  water  than  in  acetone  and 
the  highest  tension  of  all  in  the  silicone  oil. 
The  frequency  dependence  of  the  tension  can 
result  from  either  time  dependent  cavitation 

?iressure  of  fluids,  as  noted  in  reference  8,  or 
ror.i  the  time  required  for  cavitation  bubble 
growth  as  discussed  earli,'r. 


0  100  200  300 

FREQUENCY.  Hz 

Figut a  11.-  Variation  of  effective  tension  with 
loading  frequency,  mg/ A  =  -02C  N/m"-, 

-  1  atm. 

Bubble  Growth 

A  lew  experiments  were  conducted  to  give 
some  information  about  the  bubble  growth 
phenomena.  Figure  12  shows  photographs  of 
acceleration  signals  obtained  in  one  100  Hz, 

o 

1  atm.  test  using  the  8020  N/m  mass  and  water 
as  the  squeeze-film.  The  upper  trace  in  each 
photograph  is  the  acceleration  of  the  mass,  and 
the  lower  trace  is  the  acceleration  of  the  base. 
(The  trace  for  the  base  acceleration  is  inverted 
because  of  the  upside  down  mounting  of  the 
accelerometer.)  When  the  peaks  on  the  traces 
are  farthest  apart,  the  mass  is  moving  inward 


the  base;  and  when  they  are  close  together,  the 
mass  is  moving  away  from  the  base.  The  test 
is  shown  at  two  different  acceleration  levels 
and  the  transmis^ibility  is  one  in  each  case. 
Cavitation  occu’  nee  is  noted  by  the  appear¬ 
ance  of  noise  o  *  signal  as  the  level 
increases.  Thi..  use  is  believed  to  be  caused 
by  collapse  of  the  bubble  as  the  mass  moves 
toward  the  plate.  Cavitation  noise  always 
appeared  in  the  tests  with  water  at  between 
8g’ s  and  9g' s  with  a  slight  dependence  on 
frequency  as  compared  to  the  calculated  value 
of  6.7g’s.  Detachment  occurred  at  the  same 
levels  shown  in  figure  12  (i.e.,  8g's  to  14g’s), 
depending  on  frequency.  In  similar  experi¬ 
ments  using  oil  as  the  squeeze-film,  the  cavi¬ 
tation  noise  appearance  was  decidedly 
dependent  on  frequency  and  occurred  very  near 
the  detachmen*  acceleration. 


CONCLUSIONS 


An  analytical  and  experimental  investiga¬ 
tion  of  the  bond  strength  of  liquid  squeeze- films 
subjected  to  oscillating  loads  normal  to  the 
plane  of  the  film  was  conducted.  The  effects  of 
contact  area;  load  magnitude  and  frequency; 
ambient  pressure;  and  fluid  vapor  pressure, 
surface  tension,  and  viscosity  were  considered. 
The  following  conclusions  were  reached: 

1.  A  squeeze-film  can  be  used  to  support 
a  vibratory  load  of  considerable  magnitude 
even,  in  certain  cases,  under  a  near  vacuum 
environment. 

2.  For  very  thin  films  a  cavitation  bubble 
forms  near  the  center  of  the  contact  area  and 
grows  outward  ultimately  resulting  in  breaking 
of  the  squeeze-film  bond.  The  time  required 
for  this  growth  enables  additional  load  capacity 
which  increases  with  the  frequency  of  loading 

3.  The  minimum  force  required  to  produce 
a  cavitation-type  bond  failure  can  be  conserva¬ 
tively  predicted  using  hydrostatic  lubrication 
theory.  The  primary  facto’.'  affecting  the 
accuracy  of  this  prediction  will  be  the  estab¬ 
lishment  of  the  fluid  cavitation  pressure. 
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figure  12.-  Photographs  shoeing  acceleration  before  art :  after  cavitation  bubble  formation  in  water. 

f  =  100  Hz,  rng/A  =  g0?0  N/m2,  p  ■■=  1  atsi. 


4.  A  squeeze-fiim  ran  support  a  tensiie 
ioad  in  a  vacuum  environment  oniy  if  the  cavi¬ 
tation  pressure  is  negative  as  is  often 
encountered  in  liquid  flow  studies  (p£  <  0  can 

occur  because  of  intermolecular  forces  in  the 
fluid  provided  the  fluid  is  clean). 

5.  There  is  no  appreciable  effect  of  film 
thickness  on  the  capacity  of  a  squeeze-fiim  to 
hold  a  mass  to  a  vibrating  base  providing  the 
film  is  thin  with  respect  to  the  contact  area 
dimensions. 
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DISCUSSION 


Mr.  Beecher  (Lear  Siegler):  What  was  the 
estimated  thickness  of  the  squeeze  film  in  these 
experiments? 

Mr.  Hanky:  We  did  not  find  the  film  thick¬ 
ness  to  be  very  important,  as  was  shown  in  the 
equation  for  the  cavitation.  I  would  estimate 
the  squeeze  film  to  be  of  the  order  of  5  thou¬ 
sandths  of  an  inch.  However,  we  did  run  sev¬ 
eral  tests  in  which  we  varied  ‘'me  between 
putting  the  mass  on  the  fihr.  and  the  start  of 
the  test  from  a  matter  of  some  30  seconds  to 
two  days.  Hiere  was  no  appreciable  difference 
in  the  bond  strength.  This  is  discussed  in  the 
written  version  of  this  paper.  As  long  as  cavi¬ 
tation  is  the  breakaway  mechanism  there 
should  be  no  thickness  effect  except  at  very 
low  frequencies. 


problem  being  related  to  surface  roughness  of 
the  mass?  A  bubble  formation  sometimes 
comes  off  of  a  roughened  piece  of  surface. 

Mr.  Hanks:  Yes,  this  is  generally  in  a 
flow  tunnel  type  of  experiment  that  surface 
roughness  becomes  very  critical  in  the  initi¬ 
ation  of  cavitation.  In  our  particular  tests,  we 
are  assuming  the  cavitation  occurs  at  the  very 
center  of  the  disk.  This  may  not  be  true,  but 
since  the  velocity  of  flow  there  is  very  small, 
we  think  that  this  is  not  a  very  critical  prob¬ 
lem.  Our  test  mass  was  not  particularly 
smooth.  It  was  just  a  normal  machine  turn 
down  so  it  should  not  be  a  particular  problem . 
The  cleanliness  o)  the  fluid  appears  to  be  the 
most  important  thing.  This  is  a  real  unsophis¬ 
ticated  test  program.  We  took  tap  water  out  of 
the  city  water  supply  If  we  had  used  real 
clean  fluid  and  tried  to  make  sure  that  it  hai 
no  gases  or  dust  particles  in  it,  we  might  have 
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gotten  much  higher  values.  Also  if  the  sur¬ 
faces  had  been  smooth  v/e  could  have  gotten 
higher  bond  strength  values. 

Mr.  Verga  (Hazeltine  Corp.):  You  had  the 
breakaway  plotted  in  terms  of  g’s  or  force 
versus  frequency.  Was  there  a  relationship 
with  respect  to  the  area  over  which  the  force 
was  applied.  Could  we  think  in  terms  of  g’s 
per  square  inch? 

Mr.  Hanks:  I  showed  you  the  effect  of 
mass  and  area  in  one  plot  in  the  next  to  the 
last  slide  whereas  the  bond  strength  was 
plotted  as  a  function  of  the  weight  per  unit 
area.  In  these  cases  we  had  changed  both  the 


area  and  the  mass.  We  did  not  just  add  mass  to 
the  same  area,  and  there  did  not  appear  to  be 
any  effect. 

Mr.  Berg:  Would  this  liquid  squeeze  effect 
be  the  same  in  a  high  speed  journal  bearing? 

Is  it  necessary  for  the  speed  of  the  plate  or 
the  mirror  relative  to  the  fixture  or  the  founda¬ 
tion  to  be  zero  in  order  for  this  behavior  to 
occur  as  you’ve  observed  it? 

Mr.  Hanks:  It  may  be.  Iam  not  prepared 
to  say  because  I  have  not  looked  at  the  equations 
that  apply  in  the  case  of  tangential  motion.  That 
will  change  the  pressure  distribution  considerably 
and  I  am  not  sure  what  type  of  upward  pressure 
resistance  we  would  get  in  that  case. 
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POINT-TO-POINT  CORRELATION  OF  SOUND  PRESSURES 


IN  REVERBERATION  CHAMBERS 


Charles  T.  Morrow 

LTV  Research  Center,  Western  Division 
Anaheim,  California 


The  response  of  a  structure  to  a  noise  field  depends  in  part 
on  the  point-to-point  correlation  of  the  field.  A  diffuse 
sound  field  with  correlation  distances  comparable  to  the 
separation  between  structural  antinodes  tends  to  excite  all 
modes  of  vibration.  A  highly  correlated  field,  such  as  that 
of  low-frequency  rocket  noise,  tends  to  produce  relatively 
selective  modal  responses  and  somewhat  reduced  overall  rms 
level.  At  the  other  extreme,  very  short  correlation  dis¬ 
tances  tend  to  decrease  the  response  without  making  it 
selective. 

H.igh-intansity  noise  tests  are  generally  intended  to  simu¬ 
late  rocket  noise  and/or  aerodynamic  turbulence  about  a 
space  vehicle,  both  of  which  excite  vibration  modes  some¬ 
what  selectively  according  to  the  portion  of  the  trajectory 
considered.  The  best  test  policy  may  well  be  to  use  the 
reverberant  field  to  simulate  a  composite  flight  condition 
and  apply  correction  factors  judiciously  to  the  sound  pres¬ 
sure  level.  In  any  event,  the  point-to-point  narrow-band 
correlation  of  the  reverberant  field  should  follow  closely 
some  simple  formula.  The  analysis  given  in  this  paper  shows 
that  the  correlation  of  the  field  of  a  rectangular  rever¬ 
beration  chamber  can  asymptotically  approach  a  formula  pre¬ 
viously  derived  by  cook  and  provides  some  insight  into  cir¬ 
cumstances  that  may  lead  to  statistical  or  even  systematic 
deviations . 


INTRODUCTION 

Since  the  time  of  Sabine's  1, 
first  experiments  in  architectural 
acoustics,  the  reverberation  chamber 
has  become  an  impc Jtant  acoustical  tool. 
It  is  used  in  measuring  the  sound  ab¬ 
sorption  coefficients  of  surface  mate¬ 
rials,  the  total  output  of  loud¬ 
speakers  and  high- intensity  noise  gen¬ 
erators,  and  the  sound  transmission  of 
building  structures.  Most  recently 
large  reverberation  chambers  have  come 
to  be  used  for  a  high- intensity  noise 
test — environmental  systems  test  of  a 
complete  space  payload  or  major  section 
of  one.  The  reverberant  fi.  Id  is  in¬ 


tended  to  simulate  the  noise  fields  and 
aerodynamic  turbulence  encountered  in 
flight. 

All  of  the  applications  imply  dif¬ 
fuseness  in  the  reverberant  field. 

This  in  turn  implies  a  microphone  res¬ 
ponse  independent  of  position  and  orien 
tation  and  a  standard  behavior  of  the 
narrow-band  point-to-point  correlation 
of  the  sound  pressures  as  two  micro¬ 
phones  are  moved  away  from  each  other. 
Narrow-band  correlation  is  essentially 
a  matter  of  phase  relationships.  In  an 
ideal  reverberant  field,  phase  relation 
ships  should  approach  -andomness  in  a 
standard  way,  independent  of  direction, 


1  Wallace  Clement  Sabine,  Collected  Papers  on  Acoustics,  Harvard 
University  Press,  1927. 


% 


as  the  separation  of  two  points  becomes 
comparable  to  and  increases  beyond  a 
wavelength. 

For  high- intensity  noise  testing, 
the  point-*to-point  correlation  of  the 
reverberant  noise  field  and  that  of  the 
fields  to  be  simulated  are  consider¬ 
ations  of  fundamental  importance. 


Consider  a  space  vehicle  that  is 
completely  symmetrical  about  its  axis 
and  exposed  to  a  noise  field  propagating 
parallel  tc  the  axis.  Imagine  the  ve¬ 
hicle  sliced  normal  to  the  axis  so  as  to 
define  at  the  intersection  with  the  skin 
a  circle  passing  through  seme,  antinodal 
regions  for  a  particular  mode  of  vibra¬ 
tion.  If  the  rocket  noise  field  should 
be  completely  correlated  about  this  cir¬ 
cle,  structural  excitation  will  occur 
only  for  modes  that  involve  a  variation 
of  area  during  the  cycle.  For  example, 
the  mode  shape  shown  in  A  in  Fig.  1  will 
be  excited  efficiently,  but  the  other 
mode  shapes  shown  ir.  Fig.  1  will  not  be 
excited.  On  the  other  hand,  if  the  re¬ 
lative  correlation  of  the  pressures  at 
adjacent  antinodes  should  >»=  low,  as  is 
possible  at  high  frequencies,  the  exci¬ 
tation  of  the  mode  of  A  in  Fig.  1  will 
be  decreased,  but  all  modes  will  be  ex¬ 
cited.  At  the  other  extreme,  if  the  cor¬ 
relation  should  become  small  for  point- 
to-point  separations  smaller  than  an 
antinodal  region,  as  in  the  case  of  aero¬ 
dynamic  turbulence  in  a  thin  boundary 
layer,  there  will  be  a  partial  cancella¬ 
tion  of  the  excitation  within  each  anti¬ 
node.  All  modes  will  be  excited,  but  at 
a  reduced  level. 


a.  NO  NODES  b.  4  NODES  AND 

4  ANT/ NODES 


A  “\ 


C.  8  NODES  AND 
8  ANT! NODES 


d.  /4  NODES  AND 
/4  ANT/NODES 


Fig.  1  MODE  SHAPES  IN  A  CROSS  SECTION 
OF  A  UNIFORM  CYLINDER 


The  structural  response  is  dependent 
on  an  integration  of  the  excitation  not 
only  around  the  circle,  but  along  the 
length  of  the  space  vehicle  as  well. 

Here,  the  rocket  noise  exhibits  a  high 
degree  of  correlation  with  a  time  delay 
dependent  on  the  difference  between 
sonic  velocity  and  the  vehicle  air  speed. 
For  modes  such  that  coincidence  occurs  - 
-  the  propagation  velocity  is  the  same 
in  the  vehicle  skin  as  in  the  air  — 
extremely  efficient  excitation  will  oc¬ 
cur.  For  other  modes,  the  phase  change 
of  the  sound  in  passing  from  antinode  to 
antinode  will  differ  from  180“ ,  and  the 
excitation  will  be  reduced.  Aerodynamic 
turbulence  will  exhibit  a  similar  selec¬ 
tivity  of  excitation,  except  that  the 
time  delay  is  of  opposite  sign  and  de¬ 
pendent  on  the  convection  velocity  which 
is  slightly  less  than  the  airspeed,  and 
the  eddies  tend  to  die  away  as  they  pro¬ 
pagate  . 


To  summarize,  the  two  environments 
to  be  simulated  tend  to  exhibit  a  high 
degree  of  correlation  parallel  to  the 
axis,  with  coincidence  frequencies  that 
vary  in  different  ways  along  the  trajec¬ 
tory.  The  modal  responses  are  selective, 
variable  with  time,  and  at  a  somewhat 
reduced  overall  rms  level  by  comparison 
with  those  in  a  reverberant  field.  Aero¬ 
dynamic  turbulence  exhibits  very  short 
correlation  distances,  of  the  order  of 
the  boundary  layer  thickness,  around  the 
circle,  which  does  not  contribute  to 
selectivity  but  does  decrease  the  over¬ 
all  response. 


A  progressive-wave  tube,  which  pro¬ 
pagates  sound  parallel  to  the  axis  of  a 
test  item  can  provide  a  highly  realistic: 
simulation  of  rocket  noise  at  launch  or 
a  rather  crude  simulation  of  aerodynamic 
turbulence  for  airspeeds  in  the  neigh¬ 
borhood  of  Mach  1,  but  no  way  has  been 
suggested  of  improving  the  simulation 
for  other  airspeeds. 


The  best  test  policy  at  present  ap¬ 
pears  to  be  to  carry  out  a  composite 
simulation  of  excitation  along  the  tra¬ 
jectory  with  the  reverberant  field  and 
apply  sound  pressure  level  corrections 
as  appropriate.  A  possible  refinement 
may  be  to  provide  a  background  low-level 
broadband  reverberant  excitation  and 
supplement  it  simultaneously  with  a  nar¬ 
row-band  swept  reverberant  excitation 
tailored  to  simulate  the  effects  of  a 
coincidence  frequency  varying  with  posi¬ 
tion  along  the  trajectory. 
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This  implies  that  the  point-to-point 
correlations  of  the  reverberant  field 
should  be  made  to  conform  closely  to  a 
standard  formula,  arid  any  statistical 
deviations  from  the  formula  should  be 
understood. 

COOK'S  THEORY  OF  CORRELATION 

Cook  and  others  2  ,  with  a  simple 
elegance  reminiscent ‘of  Sabine's  theory 
of  architectural  acoustics,  have  derived 
formulas  for  the  narrow-band  point-to- 
point  correlation  coefficients  of  a  dif¬ 
fuse  reverberant  sound  field  and  sug¬ 
gested  the  use  of  correlation  measure¬ 
ments  as  a  measure  of  diffuseness.  Al¬ 
though  their  results  are  clearly  correct, 
the  physical  model  from  which  they 
started  is  liable  to  misinterpretation 
and  gives  limited  insight  into  the  con¬ 
ditions  necessary  for  a  diffuse  field  in 
a  chamber  of  given  wall  geometry. 

Cook  obtains  a  formula  for  the  cor¬ 
relation  coefficient  of  the  pressures  at 
two  points  for  a  plane  wave  at  a  given 
angle  of  incidence.  Remarking,  "Our  de¬ 
finition  of  such  a  (diffuse)  field  as¬ 
signs  equal  weights  to  all  directions  of 
the  incident  sound,"  he  averages  the 
coefficient  over  all  angles  to  obtain 
correlation  formulas  for  two  and  three- 
dimensional  fields.  Then,  he  indicates 
that  there  will  be  a  deterioration  in 
the  accuracy  of  the  results  if  the  sound 
covers  a  finite  bandwidth. 

Unless  the  reader  meditates  care¬ 
fully  on  the  wording  of  the  actual  defi¬ 
nition  given  earlier  in  the  paper,  he  is 
likely  to  jump  to  the  interpretation 
that  the  formulas  hold  for  a  single  fre¬ 
quency  but  deteriorate  uniformly  as  the 
number  of  normal  modes  involved  in  th j 
averaging  process  is  increased.  The 
actual  situation  is  more  nearly  the  re¬ 
verse.  A  single  frequency,  exciting  a 
single  undamped  normal  mode,  yields  by 
itself  a  point-to-point  correlation  co¬ 
efficient  of  +  1.  As  the  bandwidth  is 
increased  to  admit  more  modes,  the  aver¬ 
age  correlation  may  initially,  under 
certain  circumstances  including  high 
acoustic  modal  density,  approach  the 
formulas.  Then,  as  the  bandwidth  con¬ 
tinues  to  increase,  a  bandwidth  depen¬ 
dent  discrepancy  will  develop.  The 
theory  to  be  given  in  the  present  paper 
will  be  primarily  in  terms  of  averaging 
of  normal  modes  in  frequency  space  rath¬ 
er  than  in  terms  of  averaging  over  vari¬ 


ous  physical  directions.  The  intent  is 
to  show,  not  that  Cook's  formulas  follow 
from  a  definition  of  diffusion,  but  that 
under  certain  conditions  the  correlation 
of  the  field  in  a  rectangular  reverbera¬ 
tion  chamber  will  asymptotically  ap¬ 
proach  Cook's  formulas.  If  the  condi¬ 
tions  are  not  satisfied,  there  may  be 
statistical  fluctuations  away  from  the 
formulas,  depending  on  the  microphone 
locations  and  frequency  bands  considered, 
or  even  large  systematic  deviations. 


DEFINITIONS 

The  notation  and  phraseology  of  ran¬ 
dom  noise  theory  are  by  no  means  stan¬ 
dardized,  and  we  will  not  presume  to  im¬ 
pose  such  standardization  by  the  present 
paper.  However,  we  should  examine  our 
terms  and  symbols  carefully  enough  to 
ensure  that  they  will  cause  no  misunder¬ 
standing  of  the  present  paper.  It  is 
important  to  distinguish  between  broad- 
bandwidth  variables,  zero-bandwidth 
variables,  and  small  but  finite-band- 
width  variables. 


Let  p  and  p  represent  the  instan¬ 
taneous  broadband  pressure  variations  at 
points  A  and  B  respectively.  Let  P^, 
and  Pgj.  represent  the  instantaneous”” 
pressure  variations  corresponding  to  a 
8 ingle  reverberant  mode,  and  p  .  ,  and 
pfl.f  represent  the  instantaneousrpi.es- 
sfiri  variations  in  a  square  bandwidth 
Af.  The  latter  do  not  need  to  be  cor¬ 
rected  for  phase  shift  of  any  filters 
used  in  measuring  them,  provided  that 
the  shift  is  identical  for  both  pres¬ 
sures  . 


The  cross-correlation  function  of 
the  broadband  pressures  is  the  time- 
average 

HAB(PA'  V  =  PA{t)PB(t+T)  (1) 

where  t  is  a  relative  time  delay.  This 
may  also  be  referred  to  as  the  covar¬ 
iance  function,  since  p,  and  p_  have 
zero  mean.  Equation  (1*  reduces  to  the 
correlation  function  if  we  set  t=  0 

^ABO  ^PA '  PB*  =  P^WP^W  ■ 


2  R.  K.  Cook,  R.  V.  Waterhouse,  R.  D.  Berendt,  S.  Edelman  and  M.  C.  Thompson, 
"Measurement  of  Correlation  Coefficients  in  Reverberant  Sound  Fields," 

JASA  Vol.  27  No.  6,  November  1955,  pp  1072-1077. 
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The  broadband  cross-correlation  co¬ 
efficient  and  correlation  coefficient 
are  given  respectively  by 

F, (t)pn(t+r) 


cAE(pA'  PB)=I; 


P*(t)  p*  (t) 


WABi(f)  -  PAAf<f> 

which  is  obtained  by  shifting  p  .  -  by 
90°before  averaging,  we  will  cailrthe 
quadrature  density. 


CABO*PA'  PB^ 


PA(t)PB(t) 

pTitf  p|(t) 


For  stationary  aerodynamic  turbu¬ 
lence  and  free-field  acoustic  noise 
propagating  from  regions  of  such  turbu¬ 
lence,  a  number  oi  zero-bandwidth  spec¬ 
tral  density  functions  may  be  defined. 

The  power  spectral  density  function 
or  power  spectrum  is  given  by 

Vf>  =  S&,  A?  p77FTr  <3 4 5> 


The"e,  like  the  broadband  functions  may 
be  normalized.  We  will  call 

wABr (f) 

cABr(fl  ,\\(f)  wB(f)-  *5  U2) 

the  correlation  density  coefficient  and 


WABi(f) 

CAfii<f)  "  wA(f)  wfi(f)'  *S  (U> 


the  quadrature  density  coefficient. 


WB(f)  =  If  PBA?(f) 


If  the  broadband  pressures  extend  from 
fi  to  f#,  their  mean  squares  are 


The  power  spectral  density  for  the  sum 
of  p,  and  p  is  given  by 

A  D 


w_  ,  _  =  w_  +  w_  +  2w_  _ 
A+B  A  B  ABr 


WA  +  WB  +  2(waV  cABr 


wA(f)df 


wB(f)df. 


For  narrow  bands,  the  time  delay  Tin 
the  cross-correlation  function  becomes 
equivalent  to  a  phase  lag.  The  cross¬ 
power  spectrum  is  therefore  given  by  a 
complex  quantity 


WAB  *  WABr  +  3WABi 


Equation  (14)  is  the  fundamental  reason 
for  the  importance  of  correlation  in  re¬ 
lation  to  the  excitation  of  structure  by 
acoustic  noise.  However,  for  an  un¬ 
damped  reverberant  field,  which  must  be 
expressed  in  terms  of  sinusoids  at  dis¬ 
crete  frequencies,  the  expressions  of 
Equations  (5)  to  (13)  do  not  exist. 
Furthermore,  as  the  correlation  will  not 
assume  any  simple  behavior  unless  many 
modes  are  considered,  the  quantity  of 
eventual  interest  will  be  defined  for  a 
chosen  non-zero  bandwidth  Af,  and  with  a 
correction  for  difference  in  shapes  of 
selectivity  curve  [4^,  may  be  regarded  as 
approximately  indicative  of  the  response 
of  a  mechanical  resonator  of  a  given  Q: 


where  the  real  part 


WABr(f)  =  Af"pAAf(f)  pBAf(f)(10) 

has  been  referred  to  as  the  correlation 
density  13 j ,  and  the  imaginary  part. 


where  f  is  the  center  frequency. 

For  a  single  undamped  reverberant  mode, 
we  define  instantaneous  modal  pressures 
to  be  P,u(t)  and  p-j-ft)  or  similar  sym¬ 
bols  wins  the  subscript  m  replaced  by 
the  specific  mode  numbers  (e.g.  k  ,  k  , 
k_)  considered.  We  define  mean  square 


[ 3]  Morrow,  Shock  and  Vibration  Engineering.  Volume  1,  John  Wiley 
and  Sons,  1963,  p.  335. 

[4]  Morrow,  Shock  and  Vibration  Engineering.  Volume  1,  John  Wiley 

and  Sons,  1963,  p.  86. 
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modal  pressures  to  be 


SIMPLIFIED  MODAL  THEORY 


Pw4(t)  and  pBM(t)' 


the  modal  correlation  function  to  be 


^WiTlWtT 

and  the  modal  correlation  coefficient 
to  be 


PAM(t)  pBM(t> 


ABM 


(16) 


PAM^  PBM(t)j  ^ 


We  define  the  narrow-bandwidth  spectral 
densities  to  be 


AAf 


■  I 


Af 


(17) 


and 


AAf 


1  \' 

6  f  — . 
Af 


PBM  ' 


(18) 


where  f  is  the  center  frequency  of  A  f , 
the  narrow-bandwidth  correlation  density 
to  be 


Before  proceeding  to  the  rectangular 
chamber,  we  will  carry  out  a  simple  der¬ 
ivation  that  bears  some  resemblance  to 
Cook 1 s . 

Assume  for  simplicity  that  all  rever¬ 
berant  modes  are  undamped  and  excited  to 
equal  steady-state  responses  and  that 
each  mode  shape  is  essentially  a  one¬ 
dimensional  standing  wave  pattern.  Let 
the  x  axis  be  aligned  with  the  direc¬ 
tions  of  propagation  of  the  plane  wavss 
comprising  one  of  these  modes,  as  in 
Fig.  2. 


Fig.  2  POINTS  IN  A  STANDING  WAVE 


WABAf*f*=  Af  PAM^  PBM^  *19' 

Af 

and  the  narrow-bandwidth  correlation  co¬ 
efficient  to  be 


cABAf  -  ;wA,f(f)  wBAf(f)  *  <20) 

The  last  expression  is  the  subject 
of  this  paper  and  is  equivalent  to  the 
coefficient  discussed  by  Cook. 

The  time  dependence  of  an  undamped 
reverberant  mode  is  expressed  by  a 
simple  sinusoidal  factor.  Except  for 
phase  reversals  at  nodes,  no  phase 
shifts  are  associated  with  different 
points  in  the  sound  field.  It  follows 
from  this  and  Equation  (16)  that  c ABM  = 
+  1  and  also  that  any  quadrature 
density  or  coefficient  must  be  zero. 


For  convenience,  let  the  origin  be 
chosen  equidistant  from  two  points  A  and 
B  at  which  the  relative  correlation  of 
sound  pressures  is  to  be  examined.  Let 
the  pressure  at  A  for  a  single  mode  be 

p^  =  P  cos  2nft  cosfkXj^-#)  (21) 

and  that  at  B  be 

p^  =  P  cos  2nft  cos  (kxB-0)  (22) 

where 

k  ■  2n/\.  (23) 

If  r  is  the  distance  between  A  and  B, 

xft  =  -  j  cos  9  (24) 
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x_  -  +  ^  cos  0  (25) 

D  2 

=  P  COS  2  Tift  COS  Tp  cos (9+0)  (26) 

p.„  =  P  cos  2nft  cos  I  cos(9-0)  (27) 

HM  ^  2 


=  cos  y  cos  (9+0)  I  cos  y  cos  (0- 

of 

P3 

=  —  cos  20  +  cos  (kr  cos  0)j  (2 


For  comparison 


pa  =  cos3 cos  6-^ )  (30) 

HM  ‘  1  *  I 

so  that  the  correlation  coefficient  for 
the  two  pressures  is  +1 . 

As  a  definition  of  a  completely  dif¬ 
fuse  reverberant  field  within  a  small 
bandwidth  Af,  we  will  take  all  values  of 
0  to  be  equally  likely,  and  (for  2  and  3 
dimensional  spaces)  all  values  of  9  to 
be  equally  likely.  This  implies  an  ex¬ 
tremely  high  modal  density  and  hence 
high  frequency.  First  sum  (or  integrate) 
with  respect  to  0. 

]  PiM  PaM  ~  V  C°S  (kr  C°S  e) '  (31) 


PaMa  ~  P®/4  (33) 


This  leads  to  a  narrow-band  correlation 
coefficient 


cAB3f0 <r'9,f'  ”  cos  <kr  cos  9  ) >  <34) 


or,  if  8=0  as  in  the  case  of  a  1-dimen¬ 
sion"  1  reverberant  chamber  *i.e.  a  long 
organ  pipe) , 

cABAf 1  =  cos  kr  <35) 

Now  proceed  to  averaging  with  respect 
to  9.  Examination  of  Eqs .  (11)  to  (13) 
shows  that  the  same  result  will  be  ob¬ 
tained  by  averaging  the  correlation  co¬ 
efficient  as  by  summing  the  correlation 
functions  and  mean  square  values  and 
performing  a  division.  For  a  2wdimen- 
sional  chamber,  such  as  a  room  of  height 
small  compared  to  the  wave  lengths,  or 
a  harbor  with  surface  waves  in  its  in¬ 
terior. 


2tt 

cos (kr  cos  9)  d9 

=  J  (kr)  (36) 

0 

as  in  Cook's  paper.  Likewise,  for  a 
three-dimensional  chamber. 


ABAf  2 


r 

_  _1_ 

2  IT  L 


“ABAf 3 


=  sin(kr)/kr 


cos  (krcose)  sin0dCdj3 


Eqs.  (35),  (36)  and  (37)  are  crmpared  in 
Fig.  3. 


Fig.  3  COMPARATIVE  NARROW-BAND 
CORRELATION  COEFFICIENTS 
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RECTANGULAR  CHAMBERS 


TWO-DIMENSIONAL  CHAMBER 


The  physical  model  on  which  the  pre¬ 
vious  calculation  was  based  is  more  re¬ 
alistic  than  Cook's  in  that  it  recog¬ 
nizes  the  existence  of  resonant  modes;  in 
the  reverberation  chamber  and  the  need 
to  consider  many  modes  in  a  given  band¬ 
width  in  order  to  define  a  diffuse  field 
However,  the  mode  shape  assumed  is  quite 
artificial  as  it  was  chosen  for  conven¬ 
ience  in  calculation  rather  than  for 
physical  realizability  in  practical 
chamber  configurations.  As  the  rectan¬ 
gular  chamber  is  the  most  desirable  con¬ 
figuration  for  which  the  wave  equation 
is  separable,  it  is  of  interest  to  carry 
out  a  similar  calculation  for  actual 
mode  shapes  characteristic  of  rectangu¬ 
lar  2-dimensional  and  3-dimensional  en¬ 
closures.  To  avoid  considering  both 
sine  and  cosine  solutions  to  the  wave 
equation  and  to  establish  a  definite 
point  for  the  excitation  of  the  chamber, 
the  origin  will  be  taken  at  one  corner 
as  shown  in  Fig.  4. 


y 


(a)  TWO  -  D/MENS/ONAL 


z 


(b)  THREE-D/MEHS/ONA  L 
Fig.  4  RECTANGULAR  CHAMBERS 


Consider  the  2-dimens  iona  enclosure 
first.  The  frequency  of  any  given  mode 
is  given  by 

f  =  (f  a  +  f  •)**  (38) 

a  y 

where 

fx  =  nxc/2tx  (39) 

and 

fy  =  V/2ty  (40) 

Averaging  or  summing  with  respect  to 
phase  and  angle  of  arrival  is  replaced 
by  summing  with  respect  to  f  and  f  in 
frequency  space.  The  pressures  at  y 
points  A  and  B,  for  a  particular  mode 
are 

=  Pcos(kx  xA)cos(ky  yft ) cos  2nft  (41) 

and 

PBM  =  Pcos(kx  xB)cos(ky  yB)cos  2nft  (42) 
where 

kx  “  "V*x  “  2nfx/c  (43) 

and 

ky  ■  "V^y  ■  2nVC  (44) 

It  follows  that 


PAM  PBM  =  \  cos(kx  Vco8<kx  XA) 

X  cos(ky  yB)cos(ky  yA) 

-  ^-[cos  kx(xB+  xA)+cos  k^-  xA)j 

X[cos  ky(yB+  yA)+cos  ky(yB-  yA)J 

=  £[cob  kx(xB-  xA)cos  ky(yB-  yA,]+C3 

p®  r 

=  Y6[cos  r(kxcos6+  ky  sin  8) 

+  cos  r  (k  cos0-  k  sin  el  +  £  (45) 

x  y  J  a 

where  £  contains  products  that  will 
yield  nSgligible  sums.  Terms  of  forms 
such  as  cos  *X(*B+  xft)cos  ky(yg-  yft)  or 

cos  kx (xB+  xA)cos  Hy(yB-  yft)  pass 

through  maxima  and  minima  more  rapidly 
than  cos  kx(xB~  cos  ky(yB~  yA)  as 

k  and  k  are  varied  to  permit  summing 
over  the^strip  shown  shaded  in  Fig.  5. 
We  assume  that  the  contr lout ions  of  the 
maxima  tend  to  cancel  Ihose  of  the  min¬ 
ima  to  the  sum  so  that  any  net  residual 
is  negligible. 
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Fig.  5  REGION  FOR  INTEGRATION  IN  TWO- 
DIMENSIONAL  FREQUENCY  SPACE 


We  assume  further  that  all  modes 
have  the  same  amplitude  at  the  origin, 
that  no  two  modes  have  identical  fre¬ 
quencies  and  that  the  modal  density  m 
is  large. 

Thu  narrow-bandwidth  correlation 
density  is  given  by  the  product  of  the 
modal  density  and  the  average  value  of 
the  modal  correlation  function. 


wAEAf 
2  P 

m  jfafj  cos  kr (cos0cosa+sin0sina)da 

rr/a 


+  m 


a  P/» 

V°‘ 

€■ 


2_P 

16tt 


cos  kr (cos0cosa-sin0sina)da 


a  F/t+8 

~  Stt- ^  cos  (cos  (a+0) ) d(a.+0 ) 

TT/a  -0 
a  r  f 

+  gjj— J  cos  kr  (cos  (a-0) )  d  (a-0)  (46) 

where  the  modal  density  m  increases 
with  frequency.  But 

cos(kr  cos  u)  =  J  (kr)-2J, (kr)cos  2u 

0  * 

+  2J4 (kr)cos  4u-.  .  .(47) 


Replace  a+0  in  one  integral  and  a-0 
in  the  other  by  u.  Examination  of  the 
intervals  of  integration  and  noting  that 
cos  2nu,  where  n  is  an  integer,  is  sy¬ 
mmetrical  about  both  0  and  tt/2,  yields 


wABAf 


Jq  (kr) 


148) 


For  comparison,  the  narrow-band  spectral 
densities  are  obtained  by  averaging  over 
the  mode  shape  and  over  time  and  multi¬ 
plying  by  m  ares 


AAf 


"BAf 


mP 

8 


(49) 


Consequently,  the  narrow-band  correla¬ 
tion  coefficient  is 


c12Af 


=  J0  (kr) 


(50) 


for  a  two-dimensional  reverberant  field. 


THREE-DIMENSIONAL  CHAMBER 

For  a  three-dimensional  rectangular 
chamber , 


where 


f  = 


+  f 


n  c  21. 

1  Z 


(51) 

(52) 


For  a  single  mode 


PAM  = 

P  cos  (kxx  )cos  (ky.y  )cos(kzz  )cos  2nft 

(53) 


PBM 

P  cos (k  x  )cos(k  y  )cos(k  z  )cos  2nft 
x  a  yJa  z  a 

("l) 


PAM  PBM 

16  C0S  ^x  ^Xa  _Xs } COS  VVV 


X  cos  k,(z  "  z  )  +  C 

z  a  i  3 


cos  (krsin@sii\0cosacos6) 


X  cos (krs in@sin0sinasin0) 

X  cos (krcos@cos0)  +  C3  (55) 

in  accordance  with  Figs.  6  and  7  this 
i3  to  be  summed  over  a  1-octant  shell 
of  radius  f  and  thickness  Af. 

v/a  .-TT/a 

w12Af  =  dfj  plf  p,f  ain@da  <56> 
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2 


which  is  independent  of  8 . 


This  amounts  to  proving  that  the  in¬ 
tegral  is  independent  of  direction  in 
any  plane  parallel  to  a  wall.  Now  con¬ 
sider  two  directions  not  parallel  to  a 
wall.  Mereiy  by  varying  8,  they  can 
be  rotated  in^.o  the  yz  or  xz  plane, 
where  the  integr-jls  must  be  equal. 

Since  their  value  is  independent  of  8, 
the  integrals  for  the  original  direc¬ 
tions  must  be  equal.  Therefore  Eq.  (57) 
is  independent  of  both  6  and  0,  and  it 
is  sufficient  to  integrate  for  0  =  0. 
The  narrow-band  correlation  density  is 
therefore 


pa 

tt— I  cos  (kr  cos  (j)  sin  fjd0 
16  -b 


d(kr  cos 8) 


,  mP9  sin  kr 
16  *  kr 

For  comparison, 

mP 

WAAf  ~  wBAf  =  16 


(56) 


(59) 


so  that  the  narrow-band  correlation  co¬ 
efficient  is 


sin  kr 
ABAf  kr 


(60) 


Fig.  7  FREQUENCY  SPACE  FOR  THREE- 
DIMENSIONAL  CHAMBER 


An  alternate  method  of  evaluating  of  Eq. 
(57)  is  given  in  Appendix  I. 


/ 


For  the  reasons  given  in  the  2- 
dimens’or.  derivation,  terms  in  £  will 
not  be  considered  in  calculating9 the 


\cos  (krsin0sin0cosacos8) 
,Xcos  (krsin@sin0sina.sin8) 
Xcos  (krcos@cos0)  s  ingda 
a  r"/’ 

=  /  cos(krcospcos0) 

XJo  <kti,in@sin0)sin@d8 


CONCLUSIONS 

To  obtain  correlation  formulas  in 
agreement  with  Cook's,  the  following 
assumptions  were  found  to  be  sufficient: 

1.  The  reverberant  field  is  undamped. 

2.  The  modal  density  is  high  so  that 
the  bandwidth  Af  contains  many 
modes . 

3 .  No  two  modes  have  the  same  fre¬ 
quency  . 

4.  All  modes  are  excited  to  equal  am¬ 
plitude  at  one  corner. 

5.  Terms  containing  a  factor  such  as 
cos  hx(xft+  Xg)  may  be  neglected  in 

the  summations  or  int  grab ions. 
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We  did  not  prove  that  all  these  con¬ 
ditions  are  necessary.  However,  it  is 
obvious  that  if  Assumption  No.  2  is  not 
satisfied,  the  integrations  in  fre¬ 
quency  space  are  no  longer  accurate  and 
large  variations  from  the  formulas  may 
be  expected.  For  example,  if  the  fre¬ 
quency  is  low  and  Af  contains  only  one 
mode,  =  ±1»  for  an  undamped  re¬ 

verberant  field. 

Moreover,  it  is  readily  shown  that 
extreme  symmetry  in  the  chamber,  method 
of  excitation,  and  placement  of  any 
test  article  for  high- intensity  noise 
testing  can  completely  invalidate  the 
formulas  for  certain  measurement  points. 
For  example,  in  Fig.  8,  the  correlation 
coaffici  mt  for  the  points  A  and  B  must 
be  +1,  even  though  they  are  a  large  dis¬ 
tance  apart.  One  effect  of  exciting 
the  chamber  at  the  center  of  a  wall  is 
to  suppress  many  modes,  expecially 
those  that  would  contribute  to  asym¬ 
metry  in  the  reverberant  field.  Each 
excited  mode  yields  a  modal  correlation 
coefficient  of  +1  for  points  symmetri¬ 
cally  located,  so  that  the  average  over 
a  shell  must  also  be  +1,  regardless  of 
the  frequency  band  considered.  Points 
not  symmetrically  located  and  not  too 
close  together  may  have  as  many  -1  as 
+1  modal  correlation  coefficients  and 
lienee  a  zero  narrow-band  correlation 
coefficient.  Since  the  planes  of  sym¬ 
metry  in  the  chamber  of  Fig.  8  must  be 
velocity  nodal  planes,  it  is  suffi¬ 
cient  to  imagine  them  a',  rigid  walls, 
solve  for  the  characteristics  of  the 
field  of  a  sub-chamber  of  half  the 
lencri-h  and  half  the  width,  and  obtain 
the  .omainder  of  the  field  as  mirror 
images . 


For  any  excitation  point  not  at  a 
corner,  or  for  two  excitation  points 
excited  with  a  definite  phase  relation¬ 
ship,  some  sorting  and  suppression  of 
modes  may  b»  expected,  so  that  the  in¬ 
tegrations  in  frequency  space  are  no 
longer  accurate,  if  there  are  redun¬ 
dant  modes  because  of  the  particular 
ratios  of  dimensions  of  the  chamber, 
there  are  additional  complications  in 
the  integrations  or  summations. 


Fig.  8  A  SYMMETRICAL  CHAMBER 
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If,  any  event,  it  is  reasonable  to 
use  Eqs.  (3b)  and  (37)  as  standards  for 
determining  the  degree  of  diffuseness 
in  a  reverberant  field.  Furthermore, 
the  formulation  of  the  problem  as  given 
in  tie  present  paper  lends  itself  to 
computer  studies  of  statistical  varia¬ 
tions  >n  the  correlation  when  the  modal 
density  is  low  and  narrow-bandwidths 
arc  of  interest. 
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APPENDIX  I 


is  the  Beta  function.  With  sortie  cancel¬ 
lation  of  factors. 


.ENVIRONMENTAL  LABORATORY  MISSILE  FAILURE  RATE 
TEST  WITH  AERODYNAMIC  FUNCTION  SIMULATION 


Raymond  C.  Binder  and  Gerald  E.  Berge 
Naval  Missile  Center 
Point  Mugu,  California 


This  paper  gives  the  results  of  an  investigation  to  improve 
,the  present  laboratory  missile  failure  rate  test.  The  missile 
is  installed  in  an  environment  chamber  and  exercised  with  an  aero¬ 
dynamic  functional  simulator  and  an  oscillating  target.  A  test 
arrangement  is  described  in  which  the  guidance  and  control  system 
effective  navigation  ratio  and  time  constant  are  measured.  This 
ratio  and  the  time  constant  are  clear,  definite  and  significant 
parameters  for  testing  and  evaluating  the  missile.  While  exer¬ 
cised  by  the  simulator,  the  missile  can  undergo  failure  rate 
tests  under  various  conditions,  such  as  vibration,  shock, 
humidity,  temperature  and  altitude.  During  a  te3t  a  malfunction 
or  failure  can  be  detected,  and  the  exact  time  of  failure 
identified. 

Specific  tests  were  made  with  a  missile.  A  target  was 
oscillated  over  a  range  of  frequencies.  A  two-dimensional  aero¬ 
dynamic  simulation  was  set  up  on  an  analog  computer,  with 
numerical  values  for  Mach  number,  altitude  and  missile.  With  no 
malfunction  thr  effective  steady  state  navigation  ratio  N„  was  an 
acceptable  value;  introduction  of  a  malfunction  gave  a  definitely 
unacceptable  N..  The  malfunction  was  an  open  filament  in  a  type 
5703  tube.  Using  the  Fourier  Integral  method,  a  transient 
response  was  determined  from  a  measured  transfer  function;  this 
response  agreed  closely  with  other  independent  studies.  The 
present  study  showed  that  the  proposed  test  plan  could  provide 
an  improved  type  of  environmental  laboratory  failure  rate  test. 


INTRODUCTION 

The  environmental  laboratory 
missile  failure  rate  test  has  merit  be¬ 
cause  it  involves  the  important  feature 
of  reliability  as  a  function  of  time. 

This  paper  gives  the  results  of  an 
investigation  to  improve  the  present 
laboratory  failure  rate  test. 

A  laboratory  missile  test  Involves 
a  number  of  objectives  and  aspects. 

There  are  aspects  of  cost,  significance 
of  test,  length  of  test  time  involved 
and  the  number  of  missiles.  With  the 
development  of  more  complicated  missiles, 
the  number  of  missiles  available  for  test 
may  be  limited.  The  laboratory  test 
should  not  damage  the  missile  permanently. 

The  significance  of  a  laboratory 
simulation  depends  on  the  accuracy  and 
completeness  of  the  simulation.  In  the 
case  of  an  electronic  package  to  be 
tested,  the  simulation  should  include 
representative  electrical  loading  in 
addition  to  the  natural  environment. 
Simulation  of  the  electrical  loading 


of  a  missile  can  be  accomplished  by 
providing  a  representative  input  signal 
to  the  missile  detector  and  completing 
any  external  feedback  control  loops. 

There  are  important  questions  as 
to  wtat  data  should  be  taken,  and  what 
reduced  parameters  might  be  useful  in 
evaluating  a  missile  system.  Con¬ 
sideration  might  be  given  to  the 
measurement  of  various  individual 
features;  example  are  limiter  grid 
voltage,  video  signal-to-nolse  ratio, 
rate-gyro  voltage,  accelerometer  voltage 
and  head  position  voltage.  Each  of 
these  measurements  may  involve  an  im¬ 
portant  individual  factor.  Each 
individual  factor  alone,  however,  may 
not  give  much  of  a  useful,  definite 
final  conclusion  in  evaluating  the 
entire  missile.  What  is  needed  is  some 
one  or  more  compact  parameters  which 
would  involve  the  entire  missile  per¬ 
formance  including  overall  guidance, 
control,  aerodynamic  features  and 


99 


navigation.  During  the  test  there  should 
be  an  indication  of  either  acceptable 
performance  or  a  malfunction  as  a 
function  of  time. 

The  performance  of  any  automatic 
control  system  can  be  completely 
determined  by  the  frequency  response  of 
the  system.  Frequently  a  system  is 
designed,  built  and  tested  on  a 
frequency  basis.  It  is  helpful  to  have 
some  significant  time  constant  or  some 
measure  of  the  transient  response  of 
the  system.  Thus,  the  present 
laboratory  failure  rate  test  could  be 
improved  by  giving  attention  to  the 
guidance  and  control  system  frequency 
response  and  time  constant  of  the 
missile  to  be  tested. 

The  following  presents  a  scheme 
for  measuring  the  frequency  response 
and  time  constant  in  terms  of  a 
significant  navigation  parameter.  This 
navigation  parameter  is  measured  as  a 
function  of  time,  thus  the  exact  time 
of  a  malfunction  can  be  determined.  An 
analytical  framework  will  be  blocked 
out  first.  After  describing  a  test 
arrangement,  an  example  will  be  given 
of  a  specific  test  with  a  two-dimensional 
aerodynamic  simulation. 

NAVIGATION  PARAMETERS 

Most  air  defense  systems  in  use 
and  under  development  use  homing  guidance 
to  effect  intercept  of  the  target. 

Many  homing  systems  employ  some  form  of 
proportional  navigation  as  the  guidance 
law.  A  proportional  navigation  course 
is  one  in  which  the  time  rate  of  change 
of  missile  heading  is  directly  pro¬ 
portional  to  the  time  rate  of  rotation 
of  the  line-of-sight  from  the  missile  to 
the  target. 

In  order  to  illustrate  basic 
features  with  a  minimum  of  complication, 
two-dimensional  missile  motion  in  the 
horizontal  plane  will  be  considered. 

Let  R  represent  missile  yaw  rate,  $ 
missile  side-slip  angle  time  rate  and 
VM  missile  linear  velocity.  The  missile 
lateral  acceleration  Ay  is  given  by  the 
expression 


Ay  =  \/M[@+R]  0) 


Let  Vc  represent  closing  velocity,  CO 
angular  frequency,  \  line-of-sight 
angle  and  X  line-of-sight  angle  time 
rate.  Various  investigations  have  shown 
that  a  significant  parameter  is  the 


effective  navigation  ratio  N(")  , 

a  function  of  frequency,  defined  as  the 
dimensionless  ratio 


Let  1  =Y=I  In  general,  N( •*) 
is  a  complex  number  and  can  be  ex¬ 
pressed  in  the  general  form 


,‘..1 

r: 


where  Ns  is  a  dimensionless  real 
number  called  the  steady  state 
effective  navigation  ratio,  and  the 
successive  B  and  C  coefficients  have 
values  depending  on  the  system. 

As  an  example,  we  will  assume 
that  the  missile  design  objective  is 
a  value  of  Ns  between  3  and  this 
range  involves  a  reasonable  level  of 
lateral  acceleration.  A  value  of  Ns 
of  2  may  require  a  theoretically 
Infinite  missile  acceleration  at 

ems  of 

noise. 

In  a  laboratory  test  arrangement 
the  target  can  be  moved  with  simple 
harmonic  motion  over  a  range  of 
frequencies.  For  a  line-of-sight 
amplitude  ,  the  following  re¬ 

lations  hold 


Intercept,  whereas  a  value  of  N, 
greater  than  4  mav  involve  Drobl 


A  =  A*  Sin  cut  Of) 

A  =  A„«  coswt  (5) 


In  a  missile  design,  significant 
deviations  from  a  linear  analysis 
result  in  a  greatly  increased  miss 
distance.  Thus  a  major  design  task 
may  be  to  insure  that  significant  non- 
linearities  do  not  occur.  Also,  a 
linear  analysis  reduces  the  complexity 
of  analysis  and  helps  in  predicting 
performance  characteristics.  For 
linear  systems  the  Fourier  integral  or 
transform  relations  apply.  Once  the 


I 
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frequency  response  Is  es tab’  1  shed ,  then 
the  transient  response  to  some  simple 
representat v  Input  can  be  determined 
by  the  Fourier  Integral  method. 

GENERAL  LABORATORY  TEST  ARRANGEMENT 

There  Is  a  question  as  to  how  a 
laboratory  failure  rate  test  can  be 
arranged  to  exercise  a  missive,  in  an 
environment,  and  measure  the  important 
parameters,  as  the  effect've  navigation 
ratio  as  a  function  o'*  frequency  along 
with  a  guidance  and  control  system  time 
constant . 


Figure  1  shows  a  schematic  of  a 
1 aboratory  arrangement . 


Fig.  1.  Schematic  arrangement  of  test 
apparatus . 


The  missile  to  be  tested  is  Installed 
in  an  environment  chamber  where  It  can 
undergo  failure  rate  tests  under 
various  conditions,  such  as  shock, 
vibration,  humidity,  temperature  and 
altitude.  During  a  test  a  malfunction 
or  failure  can  be  detected,  and  the 
time  of  failure  identified.  A 
pneumatic  or  hydraulic  supply  and  a 
test  set  is  connected  to  "the  missile. 
The  analog  computer  is  used  as  a 
simulator,  in  providing  a  functional 
simulation  of  the  airframe  or  flight 
aerodynamics.  An  interface  or  signal 
conditioner  is  placed  between  the 
missile  and  aerodynamic  simulator.  The 
movable  target  serves  to  simulate  some 
flight  target  movement. 

Signals  from  the  target,  the 
missile  and  the  simulator  can  be  fed  to 
a  plotter  or  some  other  recording 
instrument  to  give  various  measurements 
as  a  function  of  time.  For  frequency 
response  measurements  the  target  can  be 
moved  with  simple  harmonic  motion  over 
a  range  of  frequencies.  The  signal  for 
missile  lateral  acceleration  from  the 


aerodynamic  simulator  ’an  be  combined 
with  the  1 ine-or-s!ght  rate  signal 
developed  by  the  osc!l1at!ng  target  to 
give  the  effective  navigation  ratio. 

The  transient  response,  and  thus  a 
guidance  and  control  system  constant, 
is  determined  from  the  effective 
navigation  ratio  as  a  function  of 
frequency . 

SPECIFIC  TEST? 

Specific  tests  were  made  In  order 
to  check  the  new  features  of  the  pro¬ 
posed  test  arrangement.  An  oscillating 
target  was  arranged;  this  cons.sted  o; 
a  varl abl e-speen  motor  driving  a  scotch- 
yoke  mechanism.  A  radar  horn  was 
fasteneo  to  the  yoke.  Referring  to 
Fig.  1,  fhe  horn  moved  at  right  angles 
to  the  missile  axis  with  simple  harmoni c 
motion.  A  potentiometer  fixed  to  the 
yoke  was  useo  to  record  the  actual 
dispi aoement-t ' me  motion  of  the  moving 
target.  For  a  certain  distance  between 
the  missile  heaa  ana  the  moving  raciar 
horn,  the  oispl&oemen.t-amplituoe  of  the 
horn  can  be  used  to  determine  the  line- 
of -sight  turning  rate  over  a  range  of 
frequencies . 


Figure  ?  illustrates  the  test 
arrangement  for  a  certain  set  of  aero¬ 
dynamic  conditions. 


Fig,  2.  Block  diagram  of  functional 
simulation 


The  moving  target  develops  a  signal 
which  results  in  a  signal  into  the 
autopilot.  The  autopilot  sends  a  wing 
deflection  signal  to  the  aerodynamic 
functional  simulator.  A  calculation 
made  In  the  aerodynamic  simulator 
results  in  a  yaw  rate  signal  and  a 
normal  or  lateral  acceleration  signal 
which  is  sent  to  the  autopilot. 

Considering  the  airframe  aero¬ 
dynamics,  in  the  most  general  case  there 
are  six  degrees  of  freedom,  involving 
three  force  differential  equations.  In 
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the  present  study  a  particular  repre¬ 


sentative  case  was  taken,  for  a  certain 
Mach  number,  altitude' and  missile.  In 
this  case  it  was  assumed  that  the 
missile  moves  only  in  a  orizontal 
plane  with  no  roll.  The  missile  can 
rotate  about  its  vertical  body  axis 
with  a  yaw  velocity  and  can  have  a 
lateral  linear  acceleration. 

Let  tr\  represent  mass  of 
missile,  %  dynamic  pressure  of 
approach  flow,  £  side-slip  angle, 

S  wing  deflection  angle,  Ct# 
lift  coefficient  curve  slope  for 
lift  coefficient  curve  slope  for  S 
S  reference  area,  I  missile 
moment  of  inertia,  C  reference 
length,  Cmt  moment  coefficient 
curve  slope  for  (3  t  Cmg  momenta 
coefficient  curve  slope  for  8; 
moment  coefficient  qurve  slope  for  yaw 
rate  R  ,  and  p  yaw  accelera¬ 
tion.  The  differential  equations  cf 
motion  are 


s  wAy  +C,.sS|l* 


ftI’[-Cm»P+CmsS]t“  +fc»R f^R  (7) 


An  aerodynamic  simulation  for  Eqs.  (6) 
and  (7)  was  set  up  on  an  analog 
computer. 

TEST  RESULTS  FOR  TWO  DIMENSIONAL  AERO¬ 
DYNAMIC  SIMULATION 

A  variety  of  laboratory  missile 
tests  were  made  using  the  simulation 
described  in  the  previous  section. 

Tests  were  made  for  different  distances 
between  missile  head  and  the  oscillating 
target.  Thus,  a  range  of  llne-of-sight 
rates  were  used.  For  each  test  the 
steady  state  effective  navigation  ratio 
Ns  was  measured  as  a  function  of  time. 

Figure  3  shows  a  plot  of  Ns  versus 
frequency.  The  Ns  values  range  between 
3  and  b.  For  each  of  these  tests  a 
value  of  N{  between  3  and  **  showed  that 
the  missilt  was  operating  in  ar, 
acceptable  Manner. 


0  02  04  0*  Ot  I  2  4 
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Fig.  3.  Plot  of  test  results. 

By  means  of  a  switch  arrangement 
the  filament  of  a  type  5"' 7  tube  was 
opened  as  required  to  inr,  .  a  mal¬ 
function.  This  particular  malfunction 
had  often  occurred  during  some  previous 
laboratory  tests  on  this  missile. 

Table  1  illustrates  typical  results. 

At  one  frequency  witn  no  malfunction, 
the  steady  state  effective  navigation 
ratio  N„  was  3. 5;  this  indicates 
acceptable  performance.  With  a  mal¬ 
function  N8  was  16. 1 ;  this  definitely 
was  an  unacceptable  performance  value. 

Tests  over  a  range  of  frequencies 
were  used  to  obtain  a  system  transfer 
function  with  1 ine-of-sight  rate  as 
the  input  and  the  missile  lateral 
acceleration  unit  step  input  was 
determined.  Figure  U  illustrates  a 
plot  of  response  to  a  unit  step  input; 
this  type  of  plot  can  be  used  to 
determine  a  time  constant.  The 
response  obtained  with  the  present  test 
arrangement  agreed  closely  with  results 
obtained  by  other  independent  investi¬ 
gations. 


TfMt 


Fig.  4.  Transient  response  to  unit 
step  input. 
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Table  i 


TESTS  WITH  AND  WITHOUT  MALFUNCTION 


Frequency 
Radians 
Sec . 

L:ne-Of-Sight 

Rate 

Radians 

Sec. 

Acceleration 

FT 

ssrr 

Steady  State 
Navigation 
Ratio 

No 

Malfunction 

0.356 

0.0144 

90 

3.9 

With 

Malfunction 

0.356 

C.0144 

372 

16.1 

CONCLUDING  REMARKS 

Specific  tests  were  made  with  a 
missile.  The  present  study  shows  that 
the  proposed  test  plan  could  provide 
an  Improved  type  of  environmental 
laboratory  missile  failure  rate  test. 
The  function  simulation  technique  pro¬ 
vides  a  diagnostic  tool  for  Indicating 
the  exact  time  of  a  malfunction.  The 


proposed  test  plan  will  help  In  con¬ 
ducting  better  and  more  meaningful 
missile  evaluations.  The  present 
study  was  made  with  a  two-dimensional 
aerodynamic  functional  simulation. 

This  functional  simulation  could  be 
extended  to  higher  degrees  of  freedom; 
this  means  more  differential  equations 
on  the  analog  computer  or  simulator. 


DISCUSSION 


Mr.  Jackman  (General  Dynamics,  Pomona): 
Have  you  tried  any  environments  on  top  of  your 
failures  with  and  without  malfunctions?  Have 
you  tried  any  environments  such  as  tempera¬ 
tures? 

Mr.  Berge:  No,  but  we  probably  will  in  a 


month  or  two.  We  are  not  trying  to  measure 
the  performance  of  this  missile.  Our  goal  is 
to  measure  the  failure  rate  and  we  will  be  in¬ 
terested  in  degradation  under  environmental 
conditions,  however,  our  main  goal  is  to  mea¬ 
sure  failure  rate. 


103 


APOLLO  CSM  DYNAMIC  TEST  PROGRAM 


A.  E.  Chirby,  R.  A.  Stevens,  W.  R.  Wood,  Jr. 
North  American  Rockwell  Corporation 
Downey,  California 


The  dynamic  teats  performed  on  the  Block  II  (lunar  flight  vehicle 
configuration)  Apollo  Command -Service  Module  Assembly  (CSM  105/AV) 
at  NASA's  Manned  Spacecraft  Center  Spacecraft  Vibration  and  Spacecraft 
Acoustic  (SVL  and  SAL)  Laboratories  were  the  culmination  of  a  long 
series  of  Apollo  CSM  vibration,  acoustic  and  vibro-acoustic  ground 
tests.  Prior  to  initiation  of  CSM  105/AV  testing,  random  vibration 
-riteria  had  been  established  for  Block  II  CSM  vehicles  by  extra¬ 
polation  of  response  data  obtained  from  Block  I  (earth  orbit 
configuration)  CSM  flights  and  ground  acoustic  tests.  In  addition, 
Block  II  Service  Module  (SM)  criteria  were  verified  by  vibro-acoustic 
tests  of  a  180°  segment  of  a  Block  II  SK. 

Four  vibro-acoustic  tests  were  performed  in  SAL  on  CSM  105/AV 
to  determine,  in  addition  to  other  objectives,  the  validity  of  the 
Block  II  CSM  random  vibration  criteria.  Part  of  the  CSM  105/AV 
Vibro-acoustic  Test  Program  consisted  of  several  calibration  tests 
of  a  Blcck  I  CSM  which  were  run  in  the  SAL.  The  calibration  tests 
established  the  SAL  acoustic  environments  which  would  produce  Block  I 
CSM  random  vibration  levels  (those  vibration  levels  associated  with 
atmospheric  flight).  Since  the  Block  I  and  Block  II  flight  environ¬ 
ments  were  the  same,  the  SAL  acoustic  environments  established  by  the 
calibration  tests  were  accurate  acoustic  forcing  functions  for 
CSM  105/AV. 

In  addition  to  a  detailed  explanation  of  the  vibrc-a.coustic  tests 
discussed  above,  the  paper  will  describe  the  vibraticn  portion  of 
the  CSM  105/AV  test  program..  Prior  to  vibraticn  of  CSM  105/AV,  a 
Blcck  I  vehicle  was  excited  by  electrodynamic  shakers  tc  establish 
techniques  and  procedures  to  be  used.  CSM  1C5/AV  vibration  tests 
were  to  demonstrate  the  CSM  structural  integrity  and  measure  CSM 
vibratory  responses  in  the  U  to  30  Hz  frequency  range.  Cr.e  of  the 
vibration  tests  was  a  manned  run.  In  the  manned  run,  an  astronaut, 
in  addition  to  cne  anthropomorphic  dummy,  was  secured  in  the  crew 
couch  while  the  CSM  was  excited  in  the  frequency  range  which 
corresponded  to  that  measured  on  the  flight  of  AS  501. 


IN TROCUCTI ON/BACKGROUND 
Spacecraft  Description 

The  principal  components  of  the  Apollo 
pacecraft  are  the  Launch  Escape  System  (LES),* 
the  Command  Module  (CM),*  the  Service  Module 
(SM)*  and  the  Spacecraft  Lunar  Adapter  (SLA),* 
with  the  Lunar  Module  (LM).  Figure  1  depicts 
the  major  elements  of  the  Saturn  V  stack. 


The  LES  •.counts  on  the  top  of  the  CM.  Its 
purpose  is  to  separete  the  CM  from  the  stack 
during  an  atmospheric  abort. 

The  control  center  of  the  spacecraft  is 
the  CM.  The  flight  crew,  the  equipment  to 
control  and  monitor  the  spacecraft  systems 
and  the  equipment  necessary  for  the  comfort 
and  safety  of  the  crew  are  located  in  the  CM. 


*  Designed  and  built  by  North  American 
Rockwell  Corporation's  Space  Division, 
Downey,  California,  under  contract  to 
NASA's  Manned  Spacecraft  Center,  Houston 
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The  SM  houses  the  propulsion  systems 
required  foi  spaceflight  operations.  Cryogenic 
storage  provisions,  the  fuel  cells,  the  support 
surface  for  the  space  radiators  for  electrical 
power  and  environmental  control  systems  end 
various  other  components  supporting  the  CM  and 
SM  systems  are  clso  located  in  the  SM. 

The  SLA  provides  structural  connection 
between  tho  SM  and  the  Launch  Vehicle.  Its 
primary  purpose  is  to  house  the  Lunar  Module. 


Dynamic  Environments 

At  lift-off,  noise  i3  generated  in  the 
turbulent  boundary  between  the  rocket  engine 
exhaust  and  the  surrounding  atmosphere  and  i3 
radiated  to  the  surface  of  the  spacecraft.  The 
noise  level  decreases  rapidly  as  the  vehicle 
leaves  the  reflective  surface  of  the  launch  pad. 
The  aft  section  of  the  SLA  is  the  only  portion 
of  the  spacecraft  (CM,  SM  and  SLA)  that  is 
affected  more  by  the  booster  engine-induced 
noise  than  the  aerodynamic  noise  that  exists 
later  in  flight.  As  the  spacecraft  volocity 


Figure  1.  Apollo  Spacecraft  and  Saturn  S-V  Boofter 
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increases,  the  aerodynamic  excitavion  resulting 
from  turbulent  air  flow  over  the  spacecraft 
surface  increases.  Near  sonic  velocity,  air¬ 
flow  separations  occur  on  the  SM,  causing  a 
transient  peak  in  level  {maximum  SM  excitation). 
Beyond  sonic  speed,  steady  flow  conditions  are 
re-established  with  a  resulting  reduction  in 
the  fluctuating  pressure  level.  However,  as 
the  dynamic  pressure  increases,  the  fluctuating 
pressure  levels  again  increase  until  another 
peak  value  (maximum  CM  excitation)  is  obtained 
noar  Mach  1.6  (Max  Q).  The  noise  levels 
diminish  as  the  spacecraft  moves  out  of  the 
atmosphere . 

An  abort  condition  requiring  LES  engine 
operation  is  the  other  major  source  of  acoustic 
excitation  the  spacecraft  (CM  only)  may 
experience  during  atmospheric  flight.  LES 
engine  operation  (six  seconds  total  duration) 
does  not  produce  a  CM  acoustic  environment 
greater  than  the  CM  Max  Q  environment,  except 
at  frequencies  above  400  Hz.  Figure  2  canpares 
the  CM  Max  Q  flight  acoustic  environment  and 
the  CM  Max  Q  abort  flight  acoustic  environment. 

Apollo  Mission  AS  501  revealed  that 
significant  low  frequency  vibratory  loads,  in 


addition  to  random  acoustic  excitation,  could 
be  imposed  on  the  spacecraft.  These  low 
frequency  (4  to  7  Hz)  oscillatory  loads  were 
produced  by  Saturn  S-IC  booster  engines. 


CSM  Criteria  Develonnent 

The  principal  prediction  method  used  to 
establish  the  initial  Command  and  Service 
Module  randan  vibration  criteria  was  that 
developed  by  Mahaffey  and  Smith  (1)  on  the 
B-58  aircraft.  Scale  model  wind  tunnel  test 
acoustic  data  was  also  used  in  support  of  the 
initial  prediction. 

Data  acquired  from  fluctuating  pressure 
transducers  on  early  Apollo  bollerplate*vehicles 
were  used  to  refine  the  flight  acoustic 
environments  previously  established  by  the 
scale  model  wind  tunnel  testing.  A  series  of 
static  LES  engine  firings  were  used  to  establish 
the  acoustic  field  around  the  CM  during  LES 
engine  operation. 

*  Basic  shape,  volume  and  weight  only  of  CSM 


ONE-THIRD  OCTAVE  (AND  CENTER  FREQUENCIES  ,  Hz 
®  MAX  Q  ABORT  FLIGHT  ACOUSTICS 
X  MAX  Q  FLIGHT  ACOUSTICS 


Figure  2.  Comparison  of  Maximum  Q  and 
Maximum  Q  Abort  Flight  Acoustics 
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The  first  major  grjur.d  acoustic  tests  were 
conducted  at  the  North  American  Los  Angeles 
Division  acoustic  facility  using  production 
Block  I  Command  and  Service  Modules.  The 
results  of  the  Command  and  Service  Module 
acoustic  tests  produced  the  following:  l)  zonal 
areas  of  the  Command  and  Service  Modules  were 
redefined  in  much  more  detail,  2)  vibration 
criteria  was  updated  for  each  of  the  redefined 
zones,  and  3)  major  retest  programs  were 
conducted  to  delta  qualify  components  and 
subsystems  that  were  previously  tested  to  the 
lower  predicted  vibration  levels. 

The  ''vibro-acoustic  test"  method  (2)  wa3 
applied  to  requalify  the  SK  components.  The 
basic  concept  of  vibro-acoustic  component 
(or  subsystem)  qualification  testing  is  to 
develop  an  acoustic  spectrum  which  will  induce 
flight  level  vibration  responses  at  specific 
locations  on  primary  structure.  Hie  component 
or  subsystem  is  then  attached  to  th*.  primary 
structure  in  its  normal  mounted  configuration 
and  the  previously  developed  acoustic  spectrum 
is  used  to  excite  the  assembly. 

In  requalifying  the  Si!  components  and 
subsystems  a  180 3  segment  of  the  SM  was  used. 

This  segment,  with  test  articles  attached,  was 
acoustically  excited  to  the  vibration  levels 
previously  established  by  the  SK  acoustic  test 
and  supplemented  by  flight  test  data.  The  SM 
component  and  subsystem  requalification  retest 
program  was  highly  successful  with  few  anomalies 
occurring.  Minor  redesign  of  components  or 
subsystems  corrected  the  anomalies  which  did 
occur. 

Vibration  response  data  obtained  from  the 
acoustic  and  vibro-acoustic  tests  of  the  command 
and  service  modules  and  from  the  Sit  180C  segment 
and  Block  I  CSK  flights  were  used  to  establish 
the  vibration  criteria  for  Block  II  vehicles. 

The  development  of  Apollo  CSK  vibration  test 
requirements  is  treated  in  greater  detail  in 
reference  (3). 

The  dynamic  tests  conducted  at  KSC  were  the 
last  in  a  series  of  major  ground  tests  used  for 
criteria  development  and  demonstrating  structural 
and  functional  integrity  of  the  CSK  for  the 
atmospheric  portion  of  flight.  The  paper 
describes  the  testing  accomplished  using  CSK 
105/AV  as  the  test  specimen. 

CSM  105/AV  TEST  PP.CGPAK 

Test  Objectives 

The  dynamic  te3t  performed  on  the  Block  II 
Apollo  Command  Service  Module  assembly,  CSM. 
105/AV,  at  the  Manned  Spacecraft  Center  (KSC), 
Spacecraft  and  Vibration  and  Acoustic  Labora¬ 
tories  (SAL  and  SVL)  had  the  following  si* 
objectives: 

(l)  Tc  determine  the  structural  integrity  of 

the  Block  II  CSK  when  it  is  subjected  to 

the  dynamic  loads  resulting  from  spacecraft 


exposure  to  the  aerodynamic  noise  environ¬ 
ment  present  during  atmospheric  flight. 

(2)  To  verify  existing  vibration  criteria  for 
Block  II  Command  and  Service  modules. 

(3)  To  establish  the  vibration  transmissibility 
characteristics  of  the  Block  II  Command- 
Service  Kodule(CSM)  Assembly. 

(4)  To  qualify  the  side  Command  Module  hatch 
mechanism. 

(5)  Verify  Block  II  CSK  structural  integrity 
in  the  low  frequency  vibration  environ¬ 
ment  produced  during  atmospheric  flight. 

(6)  To  obtain  subjective  interpretation  of  a 
crewman's  ability  to  distinguish  disp^y 
panel  annunciations  and  to  successfully 
operate  the  abort  controller  while  the 
CSM  is  subjected  to  axial  oscillations 
which  may  occur  during  the  first  stage 
of  the  Saturn  V  flight.  Also  to  obtain 
physiological  data  for  correlation  so 
that  deviations  from  the  normal  could  be 
identified  and  evaluated. 

The  first  manned  Apollo  flight  was 
constrained  by  the  attainment  of  objectives 
1,  2,  4,  5  and  6.  Objective  3  was  aimed  at 
acquiring  valuable,  but  not  flight  critical, 
engineering  information. 

Test  Procedures 

Table  I  chronologically  lists  the  tests 
which  were  required  to  accomplish  the  test 
objectives.  In  general,  both  the  vibration  and 
acoustic  test  series  vtilized  the  concept 
of  establishing  test  procedures  and/or  test 
environments  on  calib-ation  vehicles  prior  to 
testing  of  CSM  105/AV.  The  specific  procedures 
for  each  of  the  major  tests  were  as  follows: 

DITMCO  -  CSM  wiring  harness  check 

DITMCQ  is  an  acronym  for  an  automated, 
circuit  continuity  and  wl.  ing  insulation 
checkout  system.  The  CSK  wiring  harm  s  base¬ 
line  condition  prior  to  test  was  established  by 
DITKCO-1.  DITMCO-2  established  the  condition 
of  the  wire  harness  following  exposure  to  the 
vibration  and  acoustic  environments. 

CHECKS  -  pressure  and  functional 

Critical  CSM  pressure  systems  were 
pressurized  to  operating  pressures  (except  where 
facility  safety  requirements  prohibited)  and 
monitored  at  all  times  when  excitation  was 
applied  to  the  vehicle.  The  redesigned  CM  side 
crew  hatch  was  functioned  before  and  after  the 
VA-1  test  series  as  part  of  its  qualification 
requirements.  Both  the  pressurization  and 
hatch  functioning  procedures  were  performed 
at  their  appropriate  times  on  teats  VM-1,  VA-2, 
and  VA-3. 
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TABLE  I  -  Test  Matrix 


TEST 

DESIGNATION 

TEST 

CONDITION 

TEST 

P'JFPOSE 

TEST 

CONFIGURATION 

DITMCO-1 

CSM  Wiring  Harness  Check 

Verify  CSM  Wiring  Harness 

O.K.  prior  to  test 

CSM  105/A V 

VA-C1 

CSM  Low  Frequency  Vibration 
Calibration 

Establish  Test  Procedures 
for  VA-1  and  VM-1 

BP  27  LES  and  CM. 

SM  010  and  SLA-6 

VA-1 

CSM  Low  Frequency  Vibration 

Primary  Test  Objectives 

3  and  5 

3P  27  LES,  CSM  105/AV 
SLA-6,  and  support 
fixtures 

VM-1 

CSM  Manned  Low  Frequency 
Vibration 

Primary  Test  Objective  6 

BP  27  LES,  CSM  105/AV, 
SLA-6,  and  support 
fixtures 

VA-C2 

CSM  Maximum  Q  Calibration 

Establish  Maxim, urn  Q  Acoustic 
Environment  for  V4-3 

CM  Oil,  SM  007,  SLA -2 , 
IU  and  S-IVB  Forward 
Skirt 

VA-C2 

CM  Maximum  Q  Abort 

Calibration 

Establish  Maximum  Q  Abort 
Acoustic  Environments  for 

VA-2 

CM  01].,  SM  007,  SLA-2 , 
IU  and  S-IVB  Forward 
Skirt 

VA-2 

CM  Maximum  Q  Abort 

Primary  Test  Objectives 

1,  2,  3  And  4 

CSM  105/AV 

VJ-3 

CSM  Maximum  Q 

Primary  Test  Objectives 

1,  2,  3  and  4 

CSM  105/AV,  SLA-2, 

IU  and  S-IVB  Forward 
Skirt 

DITKC0-2 

CSM  Wiring  Harness  Check 

Verify  CSM  Wiring  Harness 

O.K.  after  VA-1,  VM-1 

VA-2  and  VA-3  Testing 

CSM  105/AV 

NOTE: 


Primary  Test  Objective  1: 

2: 

3: 

4: 

5: 

6: 


Verify  Block  II  CSM  structural  integrity 
Verify  Block  II  CSM  vibration  criteria 
Establish  vibration  transmissibility  oi  CSM 
Qualify  Block  II  COM  side  hatch  mechanism 

Verify  Block  II  CSM  structural  integrity  in  the  low  frequency 
vibration  environment 

Evaluate  crewman's  performance  when  subjected  to  low  frequency 
vibration 
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VA-C1  -  CSM  low  frequency  vibration 
calibration 

The  vibration  calibration  test  was 
performed  to  demonstrate  vibration  test 
facility  capability  and  to  develop  test 
procedures  that  would  satisfy  the  test  require¬ 
ment  without  subjecting  the  test  specimen 
to  unrealistic  loads.  The  test  configurations 
illustrated  in  Figure  3  for  the  VA-1  teats  are 
representative  of  those  used  for  VA-C1  except 


that  Block  I  Command  and  Service  Modules 
were  used  (see  Table  I). 

The  test  fixture  w«s  a  boxed  construction 
ring  which  was  rigid  in  che  frequency  range  of 
interest.  The  SLA  was  secured  to  the  top  of  the 
ring  fixture  with  the  vibration  thrusteTS,  and 
suspension  system  attached  to  the  bottom.  The 
suspension  system  for  longitudinal  testing 
consisted  of  four  air  springs  located  at  90 
degree  intervals  around  the  test  fixture. 


T*>  Vllw 
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The  air  springs  were  pressurized  to  support  the 
entire  weight  of  the  test  specimen  and  fixture. 
The  fundamental  axial  resonant  frequency  of 
the  suspended  test  configuration  was  approxi¬ 
mately  1  Hz.  Four  pairs  of  translation  rods 
located  at  45  degrees  from  the  air  springs  were 
attached  to  the  test  fixture  to  react  over¬ 
turning  momenta  generated  during  lateral 
testing. 

The  vibration  excitation  system  consisted 
of  four  ling  Hod el  310,10,000  pound  force 
thrusters  attached  to  the  test  fixtures  as 
shown  in  Figure  3. 

The  vibration  testing  consisted  of 
sinusoidal  sweeps  from  4  to  JO  Hz  followed  by 
sinusoidal  dwells  at  the  predominant  resonant 
frequencies.  These  tests  were  performed  in  the 
spacecraft  "Z'1  and  "X"  axes  (longitudinal 
and  lateral).  ' 

The  vibration  responses  during  the  sweep 
tests  were  controlled  to  0.075  inch  D.A.  for 
the  4  to  8  Hz  frequency  range  and  0.1  g  peak 
for  the  7  to  30  Hz  frequency  range  with  a 
response  limit  of  0.15  inch  D.A.  or  0.15  g  peak 
except,  for  those  measurements  at  the  end  of  the 
EES  which  were  limited  to  0.5  g  peak.  Response 
amplitude  control  was  accomplished  by  connecting 
the  thirteen  most  critical  measurements  for  the 
specific  run  to  a  multilevel  selector  (SML) 
which  in  turn  selected  the  highest  amplitude 
signal  and  transmitted  it  to  the  servo- 
controlled  thruster  system.  Following  each 
sinusoidal  sweep,  all  data  were  transferred 
from  the  tape  recorders  to  oscillograph  records 
for  on  the  spot  analysis. 

A  data  evaluation  team  consisting  of  KR, 
?JATA,  GE  and  Boeing  engineers  immediately 
reviewed  the  vibration  response  data  to  deter¬ 
mine  the  predominant  resonant  frequencies. 
Sinusoidal  vibration  dwell  tests  were  then 
performed  at  each  of  the  resonant  frequencies. 
The  intended  technique  for  tuning  each  dwell 
frequency  was  to  connect  each  control  trans¬ 
ducer  to  the  vertical  axis  of  an  oscilloscope 
with  the  Constant  output  Level  Adapter  (COLA) 
signal  driving  the  horizontal  axis  and  then 
vary  the  excitation  frequency  until  the  maximum 
number  of  closed  lissajous  were  attained.  Tr« 
initial  tuning  amplitude  was  that  used  during 
the  sweep  and  then  it  was  increased  to  0.15 
inch  r.A.  or  0.25  g  peak  for  firul  tuning  and 
subsequent  20  second  dwell.  This  technique 
for  tuning  resonances,  although  accurate, 
proved  to  be  entirely  too  time  consuming.  The 
tur.ing  method  ultimately  arrived  at  consisted 
of  setting  the  excitation  frequency  to  that 
determined  from  th<S  swsep  data  and  adjusting 


the  response  amplitude  on  the  selected 
control  transducer  to  the  sweep  amplitude. 

With  the  thruster  force  maintained  at  a 
constant  level,  the  frequency  vas  varied 
until  the  maximum  control  transducer  response 
was  achieved.  The  excitation  amplitude  was 
then  increased  to  0.15  inch  D.A.  or  0.25  g 
peak,  whichever  was  applicable,  and  the 
frequency  was  retuned  to  compensate  for 
any  resonance  shift  duo  to  amplitude  change. 

VA-1  -  CSM  low  frequency  vibration 

The  CSM  105/AV  vibration  te3t  requirements 
were  derived  from  NASA  analytical  efforts 
supplemented  by  3C  009  (AS-201)  and  SC  Oil 
(AS-202)  flight  tests  and  also  from  axial 
oscillations  observed  durirg  the  period  of 
first  stage  boost  on  SC  017  (AS-501).  The 
test  configurations  are  illustrated  in 
Figure  3.  The  test  fixture,  suspension  system, 
and  excitation  systems  were  the  same  as  those 
used  in  VA-C1. 

Sinusoidal  sweeps  from.  4  to  30  Hz  were 
conducted  in  both  the  spacecraft  "X"  and  "Z1' 
axes,  at  a  sweep  rate  of  one  octave  per  minute. 
The  vibration  response  amplitude  was  maintained 
at  C.l  g  peak  at  the  transducer  selected  by 
the  SHL  as  the  highest  of  the  thirteen  control 
transducers. 

Additional  sweep  tests  were  required  in 
tho  spacecraft  "X"  ocis  to  account  for  axial 
oscillations  observed  on  the  Command  Module 
forward  bulkhead  during  the  AS-501  mission. 

A  linear  sinusoidal  frequency  sweep  test  was 
performed  from  4  to  6  Hz  over  a  period  of 
130  seconds.  The  vibration  response  amplitude 
controlled  at  the  Command  Module  forward 
bulkhead  was  varied  linearly  from  0.15  g  P«ak 
at  4  Hz  to  0.4  g  peak  at  6  Hz.  Following  the 
4  uo  6  Hz  sweep  test,  an  18  second  linear 
sinusoidal  sweep  from  6  to  7. Hz  was  conducted. 
The  Command  Module  forward  bulkhead  vibration 
response  was  varied  from  0.2  g  peak  at  6  Hz 
to  0.7  g  peak  at  7  Hz. 

Predominant  ri  ant  frequencies  were 
selected  from  the  a  «ep  data  for  the  sinusoidal 
dwell  tests.  The  selected  frequencies  were 
t’ined  utilizing  the  method  developed  in  VA-C1 
and  20  second  sinusoidal  dwells  were  performed 
at  sach  frequency. 
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VM-1  -  CSM  manned  low  frequency  vibration 

Since  the  AS-501  axial  oscillations  were 
higher  than  had  beer,  expected  for  the  Saturn  V 
mission,  it  was  advisable  to  determine  the 
effects  of  this  increased  vibration  level  on 
crew  members'  ability  to  perform  necessary 
operations  during  first  stage  boc3t.  Therefore, 
the  VK-1  test  was  conducted  with  Astronaut 
Colonel  Gordon  Cooper  occupying  the  commander's 
station  on  the  crew  couch.  An  anthropomorphic 
dummy  was  secured  to  the  right  hand  couch  and 
the  center  couch  'was  used  for  instrumentation. 

Special  instrumentation  was  used  in 
addition  to  that  required  for  VA-1.  Several 
video  recording  cameras  were  installed  to 
record  Astronaut  Cooper's  reactions  and 
communication  equipment  was  installed  to  main¬ 
tain  voice  communction  with  the  test  control 
room. 

Test  VM-1  consisted  of  two  sinusoidal 
frequency  sweeps.  A  138  second  linear 
frequency  sweep  was  conducted  from  4  to  6  Hz 
while  the  response  amplitude  at  the  Command 
Module  forward  bulkhead  was  varied  linearly 
from  0.15  g  peak  at  4  Hz  to  0.4  g  peak  at  6  Hz. 


The  second  sweep  was  a  29  second  linear  sweep 
from  6  Hz  to  7  Hz  with  the  response  amplitude 
varied  from  0.2  g  peak  at  6  Hz  to  0.7  g  peak 
at  6  Hz.  Astronaut  Cooper  performed  manual 
operations  typical  of  those  that  might  be 
required  during  boost  and  provided  a  verbal 
commentary  of  his  impression  during  the  test. 

VA-C2  -  CSV  maximum  Q  calibration 

The  VA-C2  calibration  test  established  the 
SAL  acoustic  environment  which  would  produce 
Block  I  CSM  random  vibration  levels  (those 
associated  with  atmospheric  flight).  Since 
Block  I  and  II  flight  environments  are  the 
same,  the  acoustic  environments  established 
by  VA-C2  were  accurate  forcing  functions  for 
CSM  105/AV  (a  Block  II  vehicle). 

The  SAL  acoustic  shroud  assembly  was 
positioned  around  the  Block  I  acoustic  calibra¬ 
tion  vehicle  as  shown  in  Figure  4. 


4t>)  TEST  CONFIGURATION  IN  SAL  TOWER 


Rfe)  RIAN  VIFW  OF  SM  IN  TEST  SET  UP 


Figure  *  Maximum  Q  Calibration  Test  Configuration 
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The  acoustic  spectrum  In  each  of  the  16 
ducte  was  adjusted  until  Block  I  responses 
{l/3  octave  band  analyses )  were  established  on 
the  SM  outer  ehell  and  CM  crew  compartment  heat 
shield.  The  l/3  octave  band  spectrum  equalizer 
settings  for  each  of  the  16  air  modulators  were 
then  recorded.  This  was  accomplished  by  tape 
recording  the  equalizer  current  applied  to 
simulated  load  resistors  and  subsequently 
performing  l/3  octave  band  analyses  on  the 
signals.  These  l/3  octave  band  current  spectra 
(and  consequently  acoustic  spectra)  could  then 
be  reproduced  prior  to  the  CSM  105/AV  test 
run  by  adjustment  of  the  equalizers. 

VA-C2  CSM  maximum  Q  abort  calibration 

Figure  5  illustrates  the  acoustic  shroud 
arrangement  for  the  maximum  Q  abort 
calibration. 

The  acoustic  spectrum  was  adjusted  (in 
each  duct)  until  Block  I  CM  crew  compartment 
he?  . hield  responses  (l/3  octave  band 
analyser),  in  the  20  to  400  Hz  frequency  range, 
were  obtained  on  the  calibration  CM.  The 
Block  I  CM  heat  shield  response,  produced  by 
LES  engine  operation,  had  not  been  defined  in 
previous  testing.  Since  the  LES  engine 
produces  predominantly  high  frequency 
fluctuating  pressure  (see  Figure  2),  an  attempt 
wa3  made  to  duplicate  the  measured  (at  sea 


level)  LES  engine  acoustic  spectrum  above 
400  CPS  and  accept  the  resulting  vibration. 

It  was  determined  that  the  SAL  was  not 
capable  of  producing  sufficient  energy,  above 
400  Hz.  to  duplicate  the  LES  engine  spectrum 
without  incurring  an  overtest  condition  in 
the  lower  portion  of  the  frequency  spectrum. 
Consequently,  the  maxim, urn  facility  output 
above  400  Hz  was  accepted.  Recording  of  the 
1/3  octave  band  spectrum  equalizer  settings, 
for  the  16  air  modulators,  was  accomplished 
in  the  same  manner  as  the  maximum  Q  calibration 
run. 

VA-2  CSM  maximur.  Q  abort 

The  vibro-acoustic  test  set-ups  used  for 
tests  VA-2  and  VA-3  were  the  same  as  those 
used  during  the  calibration  test3  (VA-C2) 
except  the  calibration  vehicle  va3  replaced 
by  CSM  105/*.  V.  Since  the  CM  vibration  levels 
during  VA-2  were  expected  to  be  quite  severe, 
preliminary  verification  of  the  acoustic 
spectrum;  at  a  lower  level  was  required.  There¬ 
fore,  short  duration  acoustic  ts3ts  were 
conducted  at  levels  significantly  lower  than 
that  established  by  7A-C2.  The  verification 
test  duration  was  held  to  the  minimum  necessary 
to  stabilize  the  system  and  obtain  a  data 
sample.  One  third  octave  band  analyses  were 
perform, ed  on  the  control  microphone  data  and 
compared  to  the  VA-C2  spectrum  for  shape. 
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Vi)  TEST  CONFIGURATION  IN  >Al  FCWER  S>)  PLAN  VIEW  OF  CM  TEST  VE7UP 

Figure  5.  Maximum  Q  Abort  Calibration  Test  Configuration 
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Adjustments  were  made  to  individual  ducts  as 
necessary  and  a  verification  test  was  performed. 
When  a  low  level  run  was  completed  that 
verified  the  VA-C2  spectrum  shape,  the  full 
level  maximum  Q  abort  test  was  conducted  for 
10  seconds. 

VA-3  -  CSM  Maximum  Q 

CSM  105/AV  was  subjected  to  three  levels 
of  acoustic  excitation,  each  of  which  exhibited 
the  same  spectrum  shape  as  that  derived  during 
VA-C2  for  the  maximum  3  boost  condition. 

The  lower  level  test  was  conducted  at  an 
overall  sound  pressure  level  (SPL)  of  140  dB 
for  a  minimum  of  130  seconds  to  account  for  the 
acoustic  environment  which  exists  in  the  test 
facility  at  KSC  during  pre-flight  SIS  firing 
tests.  Short  duration  tests  were  conducted  at 
the  140  dB  level  until  the  desired  spectrum  was 
reached  and  then  the  remainder  of  the  required 
130  second  exposure  was  completed. 

Short  duration  testirg  to  verify  the 
maximum  Q  acoustic  excitation  spectrum,  was 
performed  until  the  desired  spectrum  wa3 
acheived  and  then  the  remainder  of  the  80 
second  minimum  duration  maximum  Q  test  was 
conducted.  At  the  end  of  the  maximum  Q  test 
the  overall  SPL  in  all  ducts  was  increased  by 
4  dB  for  an  additional  10  seconds  to  provide 
the  boost  transonic  exposure. 

Instrumentation 

The  dynamic  instrumentation  employed 
during  this  test  program  was  of  standard 
laboratory  quality.  Signal  transducers 
consisted  of  strain  gages,  piezoelectric 
accelerometers,  velocity  pickups,  and  piezo¬ 
electric  microphones.  A  measurement  list  was 
devised,  assigning  a  coded  measurement  number 
to  each  transducer  installed  on  the  test 
structure.  For  example,  CA014  was  an 
accelerometer  on  the  Command  Module,  CS003 
was  a  strain  gage  on  the  Command  Module; 

SA-021  -  accelerometer  on  the  Service  Module, 
etc.  Information  such  as  the  exact  location 
of  the  transducer,  its  s;nsitivity  axis  and 
direction,  type,  model  number,  aerial  number, 
sensitivity,  test  effectivity,  and  a  photo¬ 
graph  of  its  installation  was  cross  referenced 
with  the  measurement  n ur.be r. 


All  output  signals  fer  the  acoustic, 
vibration,  and  strain  measuring  systems  were 
recorded  on  magnetic  tape.  Voice  notations 
and  tine  correlation  in  the  1RIG  B  format  were 
recorded  on  all  tape  recorders  simultaneously. 
Each  reel  of  tape  contained  at  least  one  full 
scale  calibration  and  an  ambient  instrumentation 
noise  floor  recording. 

The  vibration  measurement  systems  for  both 
the  vibration  an  acoustic  teats  consisted  of 
piezoelectric  accelerometers  and  charge 
amplifiers.  A  maximum  of  98  accelerometers 
were  utilized  in  the  vibration  portion  of  the 
test  and  a  maximum  of  186  were  monitored  during 
the  acoustic  testing.  The  overall  system 
frequency  response  of  the  vibration  measurement 
systems  was  from  5  Hz  to  2500  Hz.  The  trans¬ 
ducers  were  secured  to  phenolic  mounting  blocks 
bonded  (providing  electrical  isolation)  to  CSM 
test  structure  using  proven  epoxys  and  dental 
cement. 

Calibration  and  end-to-end  check¬ 
out  of  the  vibration  measurement  systems  were 
accomplished  by  the  voltage  ''T"  insertion 
method.  This  procedure  was  performed  between 
the  end  of  extension  cable  runs  and  the  test 
facility  patch  panels.  The  capacitance  of  each 
system  was  calculated  as  well  as  measured  so 
that  the  proper  ''T"  insertion  voltage  could  be 
calculated. 

Because  of  their  superior  low  frequency 
performance,  up  to  32  velocity  pickups  were 
used  for  controlling  the  vibration  tests. 

The  strain  measuring  systems  (a  maximum 
of  40)  consisted  of  strain  gages  and  associated 
signal  conditioners,  with  an  overall  system 
frequency  response  of  5  to  2500  Hz.  The  strain 
gages  were  installed  in  accordance  with  the 
procedures  specified  by  the  manufacturer^ ) 
of  the  gages.  Calibration  was  accomplished  by 
the  conventional  shunt  resistor  technique. 

The  acoustic  environment  was  monitored  and 
controlled  using  piezoelectric  type  microphones 
and  associated  amplifiers.  These  data 
acquisition  systems  had  a  flat  frequency 
response  from  20  Hz  to  2500  Hz.  The  microphone 
systems  were  calibrated  and  end-to-end 
checked  prior  to  and  preceding  each  test  run 
by  means  of  single-frequency  voltage  insertion 
method . 
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Teat  Results 

VA-C1  -  CSM  low  frequency  vibration  calibration 

VA-C1  served  adequately  to  develop  test 
techniques,  establish  or  confirm  test 
amplitudes  and  to  develop  teamwork  among  the 
several  agencies  involved  in  the  test 
operations.  The  suspension  system,  vibration 
fixture,  and  thruster  system  demonstrated  their 
capability  for  supplying  the  forces  to  the 
vehicle  necessary  to  meet  operational  require¬ 
ments  . 

VA-1  -  CSM  low  frequency  vibration 

A  total  of  7  sinusoidal  sweeps  and  10 
sinusoidal  dwells,  at  resonant  frequencies, 
were  performed  during  VA-1  (.see  Table  II). 
Thruster  force  and  te3t  specimen  response  data 
from  the  sinusoidal  sweeps  were  reduced  as 
x-y  plots  of  acceleration,  velocity  or  force 
versus  frequency,  force  divided  by  velocity 
versus  frequency,  and  phase  of  velocity  versus 
frequency.  Modal  diagrams  for  the  significant 
resonant  frequencies  were  hand  plotted  from 
the  velocity  and  phase  versus  frequency  x-y 
plots . 


No  difficulties  were  encountered  in  the 
VA-1  testing,  except  during  the  4  to  6  Ha 
and  6  to  7  Hz  X  vehicle  axis  sinusoidal  sweeps. 
Distortion  of  the  velocity  control  signal  in 
these  testa  resulted  in  lower  than  specified  CM 
forward  bulkhead  acceleration  levels  (Figure  6) 

No  structural  fa''  aires  were  discovered 
during  the  VA-1  testing.  No  fluid  leakage  was 
detected  nor  was  any  pressure  loss  observed. 

The  response  data  obtained  from  the 
sinusoidal  sweeps  and  dwells  were  considered 
sufficient  to  establish  the  vibration  tran3- 
missibility  characteristics  of  the  CSM 
(primary  test  objective  3). 

VM-I  -  CSM  manned  low  frequency  vibration 

Sinusoidal  vibration  sweeps  from  4  to  6  Hz 
and  6  to  7  Hz  were  conducted  with  Astronaut 
Colonel  Gordon  Cooper  occupying  the  commander's 
crew  station  (Table  II),  Thruster  force  and 
test  specimen  response  data. were  reduced  a3 
X-Y  plots  of  scc»leration,  velocity  or  force 
versus  frequency,  and  phase  versus  frequency. 


Table  XI  Summary  of  SC105/AV  Testing  in  Spacecraft  Vibration 
Laboratory  (SVL)  VATF,  MSC  (VA-1) 

VA-1  UNMANNED  LOW. FREQUENCY  SINUSOIDAL  VIBRATION  TEST 


T«-»t 

Run 

No. 

’VP* 

of 

Excitation 

Axi* 

Specifier! 

Frequency 

IHjs> 

E  requency 

(Hz) 

Control 

-  PK) 

Duration 
( »ec ) 

Date 

Time 

of 

Day 

Remarka 

V01 

Sweep 

X 

4  to  30 

4  to  30 

0.  10 

- 

2/5/68 

1334 

Aborted  at  5  Hr 

VO  2 

Sweep 

X 

4  to 

4  to  30 

0.  10 

180 

2/6/68 

1344 

Completed 

VO* 

■Swee  p 

X 

4  to  6 

4  to  6 

0.  15  to  0.  40 

- 

2/6/68 

0108 

Aborted 

V04 

Sweep 

X 

4  to  6 

4  to  6 

0.  15  to  0.  40 

130 

2/6/68 

0908 

Completed 

VOS 

Sweep 

X 

i.  to  7 

6  to  7 

0.  2  to  0.  7 

18 

2/6/68 

1446 

Completed 

VC  6 

Dwell  » 

1 

X 

8.  7  t  0.  4 

8.  4 

0.24 

20 

2/6/68 

2055 

Completed 

V07 

Dwell  = 

2 

X 

13.**  t  0.4 

13.  6 

0.  26 

20 

2/6/68 

2248 

Completed 

vos 

Dwell 

3 

X 

16.  3  t0.4 

IS.  3 

- 

- 

2/6/68 

2306 

Aborted 

V09 

Dwell  - 

3 

X 

IS.  3  t0.4 

16.  7 

0.  24 

20 

2/6/68 

2325 

Completed 

vio 

Dwell  = 

4 

X 

18.9  x  0.  4 

19.  2 

0.  22 

20 

2/6/68 

2341 

Completed 

VII 

Dwell 

5 

X 

22.  3  t  0.4 

22.  6 

0.  26 

20 

2/7/68 

0125 

Completed 

VIZ 

.  weep 

7. 

4  to  30 

4  to  30 

0.  10 

- 

2/7/68 

2347 

Aborted 

V 1  3 

Sweep 

4  to  10 

4  to  30 

0.  tv 

180 

2/8/68 

0035 

Completed 

V  1 4 

Dwell 

1 

7. 

-0.  8 

- 

- 

’ 

2/8/68 

1840 

Aborted 

V15 

Dwell 

1 

7 

5.2 

0.  26 

20 

2/9/68 

2112 

Completed 

VI 6 

Dwell  • 

2 

7 

- 

- 

2/8/68 

2139 

Aborted 

V 1 7 

Dwell  - 

2 

7 

6.1*° 

-0.  8 

8.  9 

0.  25 

20 

2/8/68 

2  30’ 

Completed 

VI  b 

Dwell  - 

7 

+0 

12.4  „  „ 

-0.  8 

1  1.  7 

0.  20 

20 

2/6/68 

2  330 

Completed 

VIO 

Dwell 

4 

7 

-Is 

16.  2 

0.  29 

20 

2/4/68 

2  354 

Completed 

l 

-to 

Dwell 

9 

7. 

— r 

27.  7 

0.  25 

20 

2/6:68 

0220 

Completed  j 

VM 

-1  MANNED  LOW-FREQUENCY  SINUSOIDAL  VIBRATION  TEST 

- 

No  i  it  e 

floor 

1 

2/10  '68 

1830 

| 

V22 

Swe  e  p 

X 

4  to  (> 

4  to  h 

0.  19  m  0.  40 

'  18 

2/10/68 

2337 

Completed 

V2  * 

Sweep 

X 

6  to  7 

6  to  7 

0.  20  to  0.  70 

21* 

2/11/68 

0047 

C  ompleted  i 
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ACCELERATION  g  (peak) 
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An  undertest  condition  existed  during  bota 
sweep  tests  due  tc  the  input  signal  distortion 
previously  mentioned.  Although  the  specified 
test  levels  w ■.->*  reached  during  testing, 
the  6  to  ?  Hr,  sweep  did  reach  the  vibration 
levels  obser.ed  on  the  AS- 501  mission 
(Figure  6) 


FREQUENCY  (Hz) 


FIGURE  6.  Acceleration  Levels  Attained 

During  Low  Frequency  Vibration 
Te3t3  VA-1  and  VM-1  (L  to  7  Hz 
Sweeps) 


No  structural  failures,  fluid  leakage  or 
pressure  lo3se3  were  detected  during  testing 
but  a  crew  compartment  mirror  was  broken 
during  an  astronaut  ingress  maneuver.  A 
polished  aluminum  mirror  ha3  been  designed  and 
installed  to  replace  the  glass  mirror. 

In  view  of  the  above,  the  Block  II  CSM 
structural  integrity  wa3  verified  for  the  Apollo 
mission  AS-501  low  frequency  vibration  environ¬ 
ment  (primary  test  objective  5). 

A  debriefing  wa3  conducted  following  the 
VM-1  tests  and  Colonel  Cooper  indicated  that 
he  experienced  no  difficulty  in  reading 
instruments  or  defining  printing  or  scribed 
lines.  He  had  been  able  to  perform  all  manual 
operations  satisfactorily  and  he  did  not  con¬ 
sider  the  vibration  environment  seriously 
uncomfortable  either  with  his  head  on  the  head 
re3t  or  raised  above  it.  Observation  of  the 
video  replay  of  the  test  revealed  a  noticeable 
voice  modulation  which  was  not  serious  enough  to 
influence  understanding  Colonel  Cooper's 
comments.  Consequently,  the  mission  AS-501 
low  frequency  vibration  environment  was  not 
considered  to  have  adversely  effected  a 
crewman' 3  ability  to  perform  his  assigned 
duties  (primary  test  objective  6). 


VA-Cd  -  CSM  maximum  ^  calibration 

Examination  of  Figure  7  shows  that 
VA-C2  met  its  objective  of  developing  an 
acoustic  environment  capable  of  exciting 
Block  I  maximum  Q  flight  level  responses  on 
the  Command  Module  crew  compartment  heat 
shield  and  Service  Module  outer,  shell  panels. 


Maximum  Q  Calibration 


116 


It  should  be  noted  that  the  specified  CM  capability  of  the  reverse  horn  shroud  section 

crew  compartment  heat  shield  and  SM  outer  shell  of  the  SAL.  It  was  decided  to  accept  the  over¬ 
vibration  response  spectrums  were  developed  test  condition  and  to  develop  a  set  of  scaling 

by  enveloping  vibration  responses  measured  on  factors  to  be  applied  to  the  CSM  105/AV  maxi¬ 
ground  test  vehicles,  which  were  subjected  to  mum  Q  abort  responses  (VA-2).  The  development 

reverberant  aciustic  environments,  in  addition  of  these  scaling  factors  will  be  discussed  in 

to  flight  test  measurements.  It  must  also  be  the  following  section, 

pointed  out  thnt  the  environmental  vibration 

criteria  development  efforts  were  directed  VA-2  -  CM  maximum  I  abort 

toward  vibration  shaker  testing,  so  the  spectrum 

envelopes  often  encompassed  voids  rather  than  The  acoustic  spectrum  established  in  VA-C2 

imposing  unreasonably  difficult  spectrum  shaping  was  almost  exactly  reproduced  during  VA-2 
requirements  for  subsequent  vibration  testing.  (Figure  9  (A)).  Therefore,  the  oveitest 

condition  also  occurred  in  VA-2.  Consequently, 

VA-C2  -  CM  maximum  Q  abort  calibration  the  resulting  vibration  responses  must  be 

modified  to  reflect  what  would  have  existed 

Figure  8  compaies  the  Block  I  CM  crew  had  the  SAL  been  capable  of  generating  the 

ompartment  heat  shield  responses  obtained  in  desired  maximum  Q  abort  spectrum. 

A-C2  with  the  Block  I  heat  3l;ield  criteria. 

'.e  overtest  condition  resulted  from  the  The  maximum  Q  abort  acoustic  spectrum 

tempt  to  cvercome  the  limited  high  frequency  specified  in  the  environmental  design  criteria 

'was  composed  by  adding  the  l/3  octave  band 
sound  pressure  level  measured  during  launch 
escape  engine  ground  firing  tests  to  the  1/3  octave 


t 


FREQUENCY,  Hr 

Figure  8.  Crew  Compartment  Heat  Shield  Vibration  Responses, 
Maximum  Q  Abort  Calibration 
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ONE -THUD  OCTAVE  IAND  CENTER  FREQUENCIES  -  Hi 
0  CM  1 05/A  V  EXTERNAL  NOISE  SPECTRUM  FOR  MAX  Q  ABORT  TEST  (VA-2). 

X  CM  EXTERNAL  NOISE  SPECTRUM  FOR  MAX  O  ABORT  CALIBRATION  TES1  (VA-C2) 

Figure  9(A).  Comparison  of  VA-2  Acousiic  Spectrum 
With  Calibration  Test  Spectrum 
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H  SM  I05/AV  EXTERNAL  NOISE  SPECTRUM  FOR  MAX  Q  TEST  (VA-3). 

AVERAGE  OF  MICROPHONES:  SM03,  &  SM07  THRU  SM26 

X  SM  EXTERNAL  NOISE  SPECTRUM  FOR  MAX  Q  CALIBRATION  TEST  (VA-CJ) 
AVERAGE  OF  MICROPHONES:  5M03  B  SM07  THRU  SM26 

Figure  9  (L J .  Cor.. pariaon  of  VA-3  Acoustic  Spectrum 
With  Calibration  Teat  Spectrum 


band  sound  pressure  level  measured  at  the 
Command  Module  during  maximum  Q  flight.  The 
difference  in  sound  pressure  level  between  the 
maximum  Q  acoustic  spectrum  and  the  derived 
maximum  Q  abort  acoustic  spectrum  w.»s  measured 
for  each  1/3  octave  band.  The  maximum  Q  abort 
vibration  criteria  were  then  created  by  raising 
the  maximum  Q  vibration  criteria  by  a  corre¬ 
sponding  amount  in  the  applicable  frequency 
bands.  Figure  2  shows  the  Command  Module 
flight  acoustic  spectra  specified  for  maximum 
Q  and  maximum  Q  abort. 

Utilizing  the  above,  the  appropriate  VA-2 
acoustic  spectrum  can  be  derived  as  follows: 

1.  Determine  the  Command  Module  control 
microphone  acoustic  spectrum  that  would 
have  been  necessary  to  reduce  the  VA-2 
vibration  responses  to  those  commensurate 
with  the  criteria  specified  for  maximum  Q. 
Figure  10  compares  the  envelope  of  crew 
compartment  heat  shield  responses  measured 
during  VA-2  with  the  maximum  Q  vibration 
criteria.  The  VA-C2  maximum  Q  abort 
acoustic  spectrum  was  then  lowered  by  the 
difference  between  the  response  and  criteria 
envelopes  of  Figure  10. 


2.  Raise  the  acoustic  spectrum  developed  in 
Step  1  by  the  amount  indicated  in  Figure  2 
for  each  1/3  octave  band.  The  resulting 
acoustic  spectrum  is  one  that  would  have 
achieved  the  desired  maximum  Q  abort 
vibration  responses. 

Figure  11  compares  the  CM  maximum  abort 
acoustic  spectrum  measured  during  the  VA-2 
test  with  that  derived  by  Steps  1  and  2  above. 

The  correction  factors  shown  in  Figure  11 
have  been  applied  in  the  VA-2  vibration 
responses  in  order  to  relate  them  to  the  Block 
II  vibration  criteria.  Comparisons  of  the 
scaled  VA-2  vibration  response  envelopes  with 
their  corresponding  vibration  criteria  spectra 
for  each  CM  vibration  criteria  zone  were  made. 
(Figure  12).  Inspection  of  these  comparisons 
yielded  the  conclusion  that  the  existing 
maximum  Q  abort  vibration  criteria  were 
satisfactory  and  ro  revisions  were  necessary. 

No  indications  of  structural  or  system 
failures  were  observed  during  or  upon 
conclusion  of  VA-2. 


Figure  10.  Comparison  of  Maximum  Q  Abort  Calibration 
With  Maximum  Q  Specification  Criteria 
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•  SAL  ACOUSTIC  SPECTRUM  REQUIRED  TO  PRODUCE 
MAX  Q  ABORT  FLIGHT  RESPONSES 

K)  CM  105/AV  EXTERNAL  NOISE  SPECTRUM  FOR  MAX  Q 
ABORT  TEST  (VA-2)  AVERAGE  OF  ALL  EXTERNAL 
MICROPHONES. 
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FIGURE  11.  Comparison  o'.’  Maximum  i  Abort  Tost  (VA-2)  Acoustic 
Spectrum  and  SAL  Acoustic  Spectrum  That  V.'ould  Have 
Produced  Maximum  Q  Abort  Flight  Resoonses 
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FIGURE  12.  Example  of  Ci 
Hesponses  (Ci 


VA-3  CSM  Maximum  Q 

Figure  9  (B)  shows  that  the  maximum  3 
spectrum  established  in  VA-C2  vns  satisfact¬ 
orily  reproduced  in  VA-3.  Comparison  of  the 
resulting  vibration  with  existing  Block  II 
zonal  vibration  criteria  on  the  SM  revealed 
only  three  areas  where  revision  of  the  exist¬ 
ing  criteria  were  indicated. 

No  structural  or  systems  failures, 
attributable  to  VA-3  were  observed.  Success¬ 
ful  functioning  of  the  CK  side  crew  hatch 
subsequent  to  VA-3  completed  qualification 
of  the  hatch  (primary  test  objective  U). 
Conclusion  of  VA-3  represented  achievement 
of  all  of  the  primary  test  objectives. 

CONCLUDING  REMARKS 

The  CSM  105/AV  test  program  represented 
a  significant  advancement  in  the  concept  of 
subjecting  entire  flight  configuration 
vehicles  to  their  flight  environments.  The 
added  level  of  confidence  gained  in  the 
vehicle's  structural  and  operational 
performance .from  these  tests,  resulted  in 
reduced  flight  test  requirements.  The  CSM 
105/AV  teat  program  also  established  added 
confidence  in  the  crewman's  ability  to 
perform  critical  tasks  while  experiencing 
flight  level  vibration  in  the  U  to  7  Hz 
range. 
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DISCUSSION 


Mr.  Mustain  (McDonnell  Douglas  Corp,): 

How  "effective  were  your  air  springs  and  what 
were  their  frequencies  in  both  the  lateral  and 
longitudinal  directions  ? 

Mr.  Chirby:  In  the  longitudinal  direction 
the  natural  frequency  of  the  air  springs  for  this 
assembly  was  approximately  1  Hz.  As  I  remem¬ 
ber  it  was  approximately  the  same  for  the  lat¬ 
eral  direction. 

Question:  Did  they  work  effectively  ?  Did 
you  check  to  see  if  there  was  any  coupling  be¬ 
tween  that  system  and  the  structure  and  also 
the  external  structu  ? 

Mr.  Chirby:  There  was  some  concern  about 
this,  and  partially  as  a  result  of  this  test,  further 
testing  of  essentially  the  same  stack  configu¬ 
ration  was  conducted  to  give  better  modal  type 
vibration  response  data  for  tills  portion  of  the 
stack. 

Mr.  Mustain:  Would  you  still  select  air 
springs  as  the  suspension  system  if  you  were 
doing  it  over  again? 


Mr.  Chirby:  Yes. 

Mr.  Mustain:  On  acoustics  -  did  you  make 
any  cor;  elation  studies,  and  if  so  what  kind  of 
correlation  lengths  did  you  have? 

Mr.  Chirby:  By  correlation,  do  you  mean 
a  comparison  with  the  flight  acoustic  environ¬ 
ment? 

Mr.  Mustain:  No  -  the  correlation  length 
of  the  acoustics  itself  on  the  structure?  Was 
it  correlated  over  a  12-inch  distance,  or  24- 
inch  distance? 

Mr.  Chirby:  No  studies  of  that  sort  were 
made .  It  was  simply  a  matter  of  generating 
flight  level  responses  on  the  outside  of  the 
vehicle  and  essentially  accepting  that  acoustic 
environment. 

Mr.  Mustain:  Will  there  be  any  correlation 
studies  made  of  that  in  your  data? 

Mr  Chirby:  No,  none  is  presently  planned. 


121 


MODAL  SURVEY  RESULTS  FROM  THE 
MARINER  MARS  1969  SPACECRAFT* 


R.  E.  Freeland 
Jet  Propulsion  Laboratory 
Cali/ornia  Institute  of  Technology 
Pasadena,  California 

and 


W.  J.  Gaugh 

Northrop  Systems  Laboratories 
Northrop  Corporation 
Hawthorne,  California 


Complementary  programs  of  analysis  and  test  have  provided  the  basis 
for  determining  the  response  of  the  Mariner  1969  spacecraft  to  dynamic 
loading  conditions.  This  pap.r  describes  the  objectives  and  techniques 
of  a  test  program  to  determine  the  spacecraft  modal  characteristics. 
The  modal  survey  results  of  the  Mariner  1969  Developmental  Tent 
Model  are  presented.  Generalized  mass  matrix  calculations  are  shown 
to  evaluate  the  validity  of  the  test  data  and  the  mass  distribution. 
Typical  test  mode  shapes  and  frequencies  are  correlated  with  values 
obtained  from  analysis. 


INTRODUCTION 

Normal  modes  represent  a  fundamental 
form  of  the  dynamic  characteristics  inherent 
in  any  linear  structural  system.  The  accuracy 
of  analytical  predictions  depends  on  the  valid¬ 
ity  of  many  assumptions  regarding  the  struc¬ 
tural  and  inertial  property  idealization.  Modal 
survey  testing  provides  valuable  correlative 
results  so  that  dynamic  response  predictions 
may  be  made  with  greater  confidence. 

The  prediction  and  comprehension  of 
modal  characteristics  are  facilitated  by  an 
analysis  procedure  [l,2]  that  allows  each  sys¬ 
tem  to  be  analyzed  as  separate  subsystems. 
The  calculated  modal  characteristics  |3j  for 
these  subsystems  are  subsequently  recombined 
progressively  until  the  modal  characteristics 
of  the  whole  structural  system  are  obtained. 
These  results,  together  with  eatimates  of 
modal  damping,  are  used  to  predict  the  over¬ 
all  structural  response  to  excitation  forces. 
That  the  modal  characteristics  can  be  estab¬ 
lished  separately  for  each  subsystem  is  a 
great  advantage  in  investigation  of  the  system 
as  a  whole. 


The  objectives  of  this  paper  are  to 
describe  the  coordinated  test  and  analysis 
approach,  to  indicate  how  correlated  modal 
survey  results  were  used  to  evaluate  analytic 
modes,  and  to  describe  the  modal  survey 
equipment  and  techniques.  An  earlier  com¬ 
panion  paper  [4]  is  primarily  concerned  with 
the  modal  combination  aspects  of  the  analysis 
procedure.  The  analysis  and  test  results  and 
two  mode  shapes  are  presented  as  examples. 
This  paper  emphasizes  some  experimental 
techniques  used  to  investigate  and  evaluate 
modal  characteristics  and  the  correlation  of 
analytical  and  test  results. 

INTEGRATED  ANALYSIS  AND  TEST 
PROGRAM 

The  primary  objective  of  the  structures 
and  dynamics  support  effort  of  the  Mariner 
Mars  1969  (MM  69)  program  was  to  insure 
confidence  in  the  structural  integrity  of  the 
Mariner  1969  spacecraft  for  all  specified 
static  and  dynamic  loading  conditions.  To 
accomplish  this  objective,  a  correlative  ap¬ 
proach  was  used,  which  capitalized  on  the 
synergistic  effect  of  combined  analysis  and 


♦  This  paper  presents  the  results  of  one  phase  of  research  carried  out  at  the  Jet  Propulsion 
Laboratory,  California  Institute  of  Technology,  under  Contract  No.  NAS  7-100,  sponsored  by 
the  National  Aeronautics  and  Space  Administration. 
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test.  This  required  that  certain  analyses  and 
test  objectives  be  established  and  satisfied. 

The  analysis  objective  was  to  develop  an 
adequate  mathematical  model  that  could  be 
used  with  confidence  to  predict  the  forced 
response  characteristics  at  any  point  of  the 
structure.  The  test  objective  was  to  obtain 
the  normal  mode  shapes  and  frequencies  of 
the  structural  assemblies  in  the  5-  to  200-Hz 
frequency  range. 

Analyses  and  tests  were  undertaken  only 
if  they  supported  some  design  decision  or  con¬ 
tributed  to  the  insurance  of  satisfactory 
structural  qualifications.  Early  in  the  pro¬ 
gram  a  crude  spacecraft,  the  Structural  Anal¬ 
ysis  Model  (SAM),  was  subjected  to  static, 
modal,  and  forced-vibration  tests.  Test  data 
were  correlated  with  corresponding  data 
obtained  from  an  early  mathematical  model 
that  was  continually  updated  as  the  design  pro¬ 
gressed.  Later  in  the  program,  the  more 
representative  Developmental  Test  Model 
(DTM)  spacecraft  was  subjected  to  a  more 
extensive  structural  test  program.  The  cal¬ 
culated  inodes  correlated  with  modal  survey 
results  were  used  in  analysis  of  the  loads  and 
deflections  to  be  expected  during  the  qualifica¬ 
tion  test.  Correlation  of  analytical  data  with 
forced-vibration  test  results  provided  in¬ 
creased  confidence  in  spacecraft  structural 
integrity. 

For  structural  dynamic  investigation  pur¬ 
poses,  the  Mariner  1969  spacecraft  was  divided 
into  ’  secondary"  and  "primary"  subsystems. 

The  secondary  structures  consisted  of  rela¬ 
tively  light  appendages,  the  high-  and  low-gain 
antennas  and  four  solar  panels  which  are  tip- 
latched  together  during  launch.  The  primary  struc- 
tuie  consisted  of  two  adapters  together  with  the 
supported  octagonal  bus  (bus/adapters),  a 
propulsion  subsystem  (PROPS),  and  a  plane¬ 
tary  scan  platform  (PSP).  A  previous  paper 
[4]  presented  the  modal  results  for  the 
secondary  structures.  The  present  paper  is 
devoted  to  three  configurations  of  the  DTM 
primary  structure. 

The  DTM  structural  assemblies  were 
flight-type  hardware  wherever  possible. 

Mockups  possessed  inertial  properties, 
weights,  centers  of  gravity,  and  moments  of 
inertia  similar  to  the  components  being 
replaced.  Stiffness  characteristics  of  mocked- 
up  components  were  simulated  for  those  com¬ 
ponents  having  structural  resonances  below 
200  Hz. 

DESCRIPTION  OF  DTM  TEST 
CONFIGURATIONS 

Figure  1  shows  the  forced-vibration  con¬ 
figuration  of  the  DTM  which  weighed  911  lb, 
including  the  weight  of  the  21 -lb  Centaur 
adapter.  Figure  2  depicts  modal  test  config¬ 
uration  3,  which  consisted  of  the  bus  with 
adapters  and  which  weighed  780  lb.  Before 
installation  of  the  47 -lb  PROPS  and  the 


156-lb  PSP,  the  bus  weighed  491  lb.  This  bus 
weight  is  composed  of  30  lb  of  distributed 
structure,  119  lb  of  "bracketry,  "  and  342  lb 
of  electronic  packages  mounted  inside  the 
octagond  shaped  bus  structure. 

Configuration  2  consists  of  the  bus/adapter 
plus  the  PROPS. 

Configuration  1  concerns  only  the  bus/ 
adapter  from  an  analysis  view  point. 

The  SAMIS  [3]  computer  program  was 
used  to  calculate  the  normal  modes  of  each 
structural  mathematical  model  using  six 
degrees  of  freedom  (d.  o.  f . )  at  each  struc¬ 
tural  joint.  The  program  permits  10,000 
d.  o.  f.  ,  of  which  130  unrestrained  d.  o.  f. 
may  include  inertia.  Assuming  three  degrees 
of  translational  freedom  at  each  mass  loading 
point,  the  total  number  of  such  points  must  be 
less  than  44. 

Figure  3  indicates  the  various  points  on 
the  DTM  configuration  at  which  lumped  weights 
were  distributed  for  analysis  purposes.  The 
bus/adapter,  configuration  1,  mathematical 
model  had  lumped  masses  at  eight  equally 
spaced  points  around  the  interface  between  the 
twr ■  adapters,  at  four  equally  spaced  rings  of 
eight  points  each  that  intersect  the  bus  longeron 
corners,  at  one  point  at  the  center  of  the  top 
ring  and  at  one  point  at  the  center  of  the  bottom 
ring  of  the  bus  structure. 

For  simplicity,  the  center  of  gravity  of 
each  electronic  package  was  assumed  at  the 
centroid  and  in  the  plane  of  the  outer  shear  plate 
for  the  particular  octagon  bus  bay  in  which  that 
electronic  package  was  located.  The  mass  of 
each  electronic  package  was  evenly  distributed 
to  four  points  on  each  adjacent  bus  ring 
longeron  intersections.  The  distributed  mass 
of  a  structural  member  or  the  localized  mass 
of  a  "bracket"  was  ratioed  geometrically 
between  adjacent  lumped  mass  points.  The 
lumped  mass  approach  used  for  the  primary 
structure  is  believed  to  be  reasonable  because 
the  mass  of  the  load-carrying  structure  is  a 
small  percentage  of  the  total  spacecraft  mass. 

Figure  3  also  indicates  the  cente’-of- 
gravity  locations  of  the  six  PSP  instruments: 
the  infrared  radiometer  (IRR),  the  wide  angle 
television  (WATV),  the  ultraviolet  spectrom¬ 
eter  (UVS),  the  narrow  angle  television 
(NATV),  the  infrared  spectrometer  (IRS),  and 
the  gas  bottles  (GAS). 

MODAL  TEST  EQUIPMENT  AND  TECH  - 
NIQUE 

Modal-  or  resonance -testing  of  a  linear 
lightly  damped  mechanical  system  is  accom¬ 
plished  by  harmonically  exciting  one  or  more 
points  so  that  every  point  in  the  system  re¬ 
sponds  at  the  same  frequency,  either  in  phase 
or  exactly  out  of  phase  with  any  arbitrary 
reference  point. 
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Fig.  2  -  Configuration  3  with  modal 
excitation  shakers 


The  various  amplitudes  of  the  mode  are 
at  a  maximum  when  the  frequency  of  the  ex¬ 
citation  force  is  equal  to  the  "natural  fre¬ 
quency"  of  the  mode.  This  process  is  usually 
accomplished  with  a  multi-shaker  system 
which  includes  instrumentation  suitable  for 
identifying  and  recording  normal  modes. 


The  existing  JPL  equipment  for  excitation 
of  normal  modes  consists  of  10  chanrels  of 
excitation.  This  system  permits  simultaneous 
operation  of  one  to  ten  electrodynamic  vibra¬ 
tion  exciters,  each  rated  at  25-lb  maximum 
vector-force.  All  shaker  channels  have  a 
common  input  from  a  sine-wave  signal  gener¬ 
ator.  Each  shaker  channel  has  its  individual 
armature  current  gain  control  and  a  phase 
switch,  which  reverses  the  polarity  of  the 
driving  signal,  allowing  any  shaker  to  be 
driven  either  in  phase  or  130  degrees  out  of 
phase  relative  to  a  reference  shaker.  The 
shaker  output  velocity  is  obtained  directly  from 
a  velocity  sensor  attached  to  the  armature 
shaft  which  operates  in  the  flux  of  a  permanent 
magnet  located  in  the  shaker  case,  ;tnd  is  dis¬ 
played  on  the  x-axis  of  a  cathode-ray  oscil¬ 
loscope  (CRO).  Shaker  performance  is 
evaluated  by  the  magnitude  of  armature  current, 
which  is  proportional  to  the  shaker  force  ind 
is  displayed  on  the  y-axio  of  the  CRC.  A 
shaker  force  versus  specimen  velocity 
Lissajous  figure  is  generated  on  the  CRO, 
which  collapses  into  a  reasonable  simulation 
of  a  straight  line  at  resonance.  Thr.  slope  of 
the  Lissajous  ellipse  major  diameter  is  a 
direct  measure  of  the  force  to  velocity  ratio 
and  the  width  of  the  ellipse  minor  diameter  is 
a  measure  of  the  force  to  velocity  phase 
difference. 

The  current  JPL  accelerometer  system 
consists  of  eight  accelerometers.  Usually 
only  two  accelerometers  are  used  for  a  modal 
test.  For  any  given  mode,  a  large  oscillation 
point  on  the  structure  is  selected  as  the  loca¬ 
tion  for  the  "reference"  accelerometer  for  that 
mode  only.  The  "roving"  accelerometer  is 
moved  about  to  obtain  data  at  the  other  struc¬ 
tural  points. 


Fig.  3  -  Location  of  lumped  mass  and  modal  survey  points  on  the  DTM  modal  configurations 
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The  accelerometer  electronics  is 
compatible  with  transducers  of  dc  capability, 
either  variable  resistance  or  variable  reluc¬ 
tance  usable  in  the  frequency  range  from  zero 
to  250  Hz.  The  carrier  amplifier  system 
operates  at  2  kHz  and  provides  integral  de¬ 
modulation.  The  demodulated  amplifier  output 
may  be  used  directly  for  acceleration  mea¬ 
surements  or  may  be  integrated  as  required 
to  provide  velocity  or  displacement  measure¬ 
ments.  Any  two  of  the  transducer  channels 
may  be  displayed  on  dual  vacuum  tube  volt¬ 
meters  for  magnitude  measurements,  and 
simultaneously  displayed  versus  time  on  a  dual 
beam  CRO  to  provide  phase  and  waveform 
information. 

An  eight-channel  direct  write  oscillograph 
record  is  analyzed  for  the  logarithmic  decre¬ 
ments  of  the  structural  motion  after  abrupt 
termination  of  the  shaker  armature  current. 
These  motion  decay  curves  provide  an  excel¬ 
lent  indication  as  to  the  purity  of  the  normal 
mode  oscillation  which  should  be  smooth  and 
without  beats.  From  good  quality  decay  curves, 
a  value  for  the  modal  structural  damping 
coefficient  can  be  determined. 

Problems  were  encountered  with  the 
implementation  of  standard  state-of-the-art 
modal  test  techniques  when  applied  to  light, 
fragile  structural  subsystems,  such  as  solar 
panels  and  high-gain  antennas.  It  was  observed 
that  the  mass  of  standard  3-gram  accelerom¬ 
eters  de-tuned  the  isolated  normal  modes  when 
the  accelerometers  were  attached  at  points  of 
relatively  high  structural  amplitude.  The  accel¬ 
erometers  increase  local  generalized  mass, 
reducing  the  natural  frequency  and  distort  the 
natural  mode  shape.  The  mass  loading  of  the 
shaker  armature  and  attachment  linkage  also 
produce  this  effect  on  lightweight  structures. 
The  problem  of  transducer  mass  loading  was 
solved  by  mass-loading  each  grid  point  equal  in 
magnitude  to  the  weight  of  the  accelerometer. 
Mapping  was  then  accomplished  by  replacing 
each  mock  weight  by  the  transducer  without 
affecting  normal  mode  oscillation. 

Higher  mode  excitation  of  the  parabolic 
honeycomb  high-gain  antenna  was  done  acous¬ 
tically  to  reduce  the  number  of  shakers 
required  by  standard  techniques.  Nodal  lines 
for  plate  modes  of  the  dish  were  defined  by 
the  geometry  of  powder  placed  on  the  face  of 
the  dish  during  excitation  by  acoustic  speakers. 
After  several  minutes  of  Bteady-Btate  excita¬ 
tion,  the  nodal  line  of  each  mode  still  con¬ 
tained  powder  and  a  photograph  recorded  the 
node  line  location  on  the  dish  grid. 

SOLAR  PANEL  QUALIFICATION  k  ODAL 
TEST 

Modal  test  techniques  were  utilized  for 
flight  acceptance  dynamic  testing  of  single 
solar  panels  for  the  Mariner  II  and  Mariner 
Mars  1969  programs.  This  test  was  a  quality 
assurance  verification  rather  than  the 


conventional  simulation  of  a  three-sigma-high 
dynamic  environment.  The  tet-t  consisted  of 
exciting  le  significant  normal  mode  w.'th  a 
large  vi’.. -atiar.  exciter.  To  assure  excitation 
of  the  pr  .er  rr  ooc  only,  a  modal  survey  was 
perform*  .  'it.’,  small  shakers  prior  to  full 

level  excif  -  r'en.  The  panel  response  at  the 
point  of  una:-  mum  amplitude  was  controlled  to 
a  preset  a>  celeration  that  corresponded  to  the 
de3irud  s'* ess  level.  The  frequency  range  of 
excitation  was  band-limited  to  avoid  stimula¬ 
tion  of  undesired  modes.  The  test  mode 
selected  was  the  first  plate  mode  of  the  solar 
panel  corrugation.  The  mode  shape,  dynamic 
gain,  and  frequency  of  this  mode  were  depen¬ 
dent  on  the  quality  of  the  bond  joint  between 
the  corrugation  and  its  supporting  spar, 
acceptance,  being  based  on  uniformity  from 
panel  to  panel.  Initial  comparisons  were  made 
between  the  four  DTM  prototype  solar  panels, 
after  which  tests  were  conducted  on  ten  flight 
panels.  The  maximum  variance  of  modal  fre¬ 
quency  was  less  than  1  Hz  for  ten  panels,  while 
the  point  of  maximum  amplitude  varied  less 
than  one-half  an  inch  along  the  84-in.  longi¬ 
tudinal  axis  of  the  panel,  and  the  transmissi- 
bility  at  resonance  varied  less  than  15%. 

TEST  QUALITY  AND  GENERALIZED  MASS 
MATRIX 

A  number  of  test  techniques  were  used  to 
obtain  quality  test  data.  The  structural  excitation 
frequencyand  the  shakers'  output  amplitudes  were 
carefully  adjusted  until  maximum  response  am¬ 
plitudes  were  obtained  at  all  structural  survey 
points.  A  sufficient  numberof  shakers  were  used 
so  that  all  points  of  the  excited  structure  vibrated 
in-  or  out-of-phase  with  each  other.  The  overall 
excitation  level  was  increased  until  the  signal-to- 
noise  ratio  was  satisfactorily  high.  The  final  re¬ 
corded  accelerometer  decay  traces,  obtained  at 
many  points  on  the  structure,  were  smooth  expo¬ 
nential  decays  without  evidence  of  "beats." 

Despite  the  utilization  of  these  testdata  quality 
indices,  the  best  means  of  establishing  the  quality 
of  the  measured  normal  mode  shapes  and  mass 
distributions  was  to  calculate  the  generalized 
mass  matrix. 

A  common  method  of  using  (he  generalized 
mass  matrix  as  an  indicator  of  test  and  mass 
distribution  quality's  to  normalize  the  princi¬ 
pal  diagonal  terms  to  unity  and  consider  the 
values  of  the  larger  off-diagonal  terms.  If  all 
off-diagonal  terms  1  ve  values  less  than  0.  1, 
it  is  the  au'hors'  opinion  that  satisfactory  test 
mode  shape  s  have  been  obtained  and  an  adequate 
mass  distributionhas  beenused  for  this  space¬ 
craft,  Intuition  suggests  that  this  criterion  may 
be  unnecessarily  severe  where  the  vast  majority 
of  off-diagonal  terms  are  small  but  a  few  terms 
exceed  0.  1  (especially  where  a  large  number  of 
modes  are  included). 

Table  1  presents  a  generalized  mass 
matrix  derived  from  configuration  3  mode 
shape  measurements,  with  the  matrix  nor¬ 
malized  to  give  unit  generalized  mass  in  each 
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TABLE  1. 

Noriwj.'U  id  Generalized  Mass  Matrix 
(Based  on  49  point  modal  survey  of  the  DTM  modal  configuration) 


Mode 

No. 

Frequency,  Hz 

35 

37 

43 

54 

56 

90 

1 

2 

J 

4 

5 

6 

1 

1.0 

-0.031 

0.011 

0.069 

-0.014 

-0.024 

2 

1.0 

0.036 

-0.018 

0.005 

0.011 

3 

1.0 

0.013 

-0.051 

-0.006 

4 

1.0 

-0.013 

0.009 

5 

Symmetric 

1.0 

0.035 

6 

_ 

1.0 

normal  mode.  Ideally,  the  off-diagonal 
elements  should  be  zero,  because,  by  defini¬ 
tion,  there  is  neither  elastic  nor  inertial 
coupling  among  normal  modes.  Table  1 
results  tend  to  indicate  that  a  more  than 
adequate  number  of  mass  points  have  been 
used  and  that  the  modal  survey  errors  are 
small,  since  the  maximum  off-diagonal  term 
is  0.069  (less  than  0.  1).  Errors  may  result 
from  the  instrumentation,  recording  tech¬ 
niques  or  calculation  p  .-ocedure,  inexact 
"tuning"  of  the  normal  mode,  or  inadequate 
accounting  of  the  physically  distributed  mass. 
If  too  few,  or  incorrectly  located  or  sized, 
mass  points  are  used,  it  is  impossible  to 
obtain  the  appropriate  modal  amplitudes  associ¬ 
ated  with  a  given  kinetic  energy. 

For  comparison  purposes  only,  and 
without  implying  any  statistical  significance,  a 
"shorthand"  method  of  summarizing  the  off- 
diagonal  values  has  been  used.  For  example, 
in  Table  1,  the  arithmetic  mean  value  of  the 
off-diagonal  absolute  values  is  0.023  with  a 
standard  deviation  ol  each  off-diagonal 
absolute  value  of  0.018. 

The  six  PSP  instruments  are  relatively  in¬ 
accessible  because  they  are  "buried"  inside  the 
spacecraft  adapter.  It  is  difficult  to  obtain  the 
mode.1  amplitudes  of  their  respective  center-of- 
gravity  locations  unless  many  "fixed"  accelerom¬ 
eters  are  used  instead  of  the  "rover."  Conve  rsely, 
it  is  comparatively  easy  to  obtain  amplitude  data 
onthe  tube  that  supports  these  instruments.  A 
study  was  made  to  determine  the  relative  impor¬ 
tance  of  obtaining  the  instrument  amplitude  data 
during  a  modal  survey  test. 


2,  3,  4,  5,  6,  and  7  list  the  case  numbers, 
the  number  of  mass  points,  the  number  of 
degrees  ol  freedom  with  inertia,  the  absolute 
value  of  the  maximum  off-diagonal  error 
( |  xmaxl )»  the  mfin  value  of  the  absolute 
errors  ]x| ,  the  standard  ueviation  of  the  ab¬ 
solute  errors  js|,  and  "Remarks,"  respectively. 

The  investigation  used  the  first  six  calcu¬ 
lated  modes  for  a  28-mass  point  PSP  mathe¬ 
matical  model  with  the  instrument  moments  of 
inertia  included  (cases  1,  2,  and  3)  and 
omitted  (case  4).  The  case  1  results  indicate 
the  effect  of  reducing  the  number  of  modal 
survey  mass  points  from  28  to  15.  The  case  2 
results  provide  an  indication  of  the  effect  of 
neglecting  the  angular  rotational  inertia  of  the 
six  instruments  about  their  center  of  location 
during  a  modal  survey  test.  Cases  3  and  4  results 
show  the  degradation  that  results  by  assuming  the 
six  instrument  translational  amplitudes  corre¬ 
spond  to  modal  test  survey  points  takenalong  the 
instrument's  common  support  tube. 

Whereas  the  Table  2  summaries  give  an 
indication  of  typical  off-diagonal  values  for  an 
isolated  subsystem,  Table  3  considers  the  overall 
spacecraft  primary  structure,  configurations  2 
and  3. 

Case  5  of  Table  3  summarizes  the  results 
obtained  by  using  the  first  seven  modes  obtained 
from  a  mathematical  model  of  configuration  3 
where  the  six  PSP  instrument  center-of-gravity 
locations  were  taken  to  lie  along  the  instrument 
support  tube.  Case  6  involves  the  same  assump¬ 
tions  but  low  excitation  level  modal  survey  test 
data  were  used.  Case  7  is  similar  but  high  ex¬ 
citation  level  test  data  were  used. 


Table  2  summarizes  the  results 
obtained  by  using  calculated  modes  from  an 
isolated,  mathematical  model.  Columns  1, 
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The  normalized,  generalized  mass  for 
Case  8  was  presented  in  Table  1  and  indicates 
the  results  obtained  by  including  the  six  PSP 


TABLE  2. 

Off-Diagonal  Summary  From  Six  Calculated  PSP  Modes 


(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

Case 

No. 

No.  of 
Mass  Points 

No.  of  Inertia 
Degrees  of  Freedom 

|  xmax| 

Ho 

. 

M 

_ 

Remarks 

Effect  of  PSP  Instrument  Inertia  YaJuee  and  Location 

1 

15 

63 

0.  05 

0.02 

0.  01 

With  Rotary  Inertia 

2 

15 

45 

0. 19 

0.04 

0.05 

Without  Rotary  Inertia 

3 

9 

27 

0.42 

0.  15 

0.  11 

CG  on  Support  Tube 

4* 

9 

27 

0.31 

0. 15 

0.08 

CG  on  Support  Tube 

♦Case  where  instrument  rotary  inertia  values  were  not  included  in  the  mathematical  model. 


center-of-gravity  translation  amplitudes. 

Case  9  indicates  the  effect  of  adding  the 
seventh  mode. 

Case  10  gives  the  results  obtained  from 
configuration  2  using  low  level  excitation. 

It  is  concluded  that  to  obtain  a  satisfactory 
representation  of  the  kinetic  energy  present  in 
the  various  modes  of  configuration  3  that  the 
PSP  instrument  certer-of-gravity  amplitudes  must 
be  measured  in  the  modal  survey  test,  but  their 
corresponding  angular  amplitudes  need  not  be 
obtained. 


CORRELATION  OF  ANALYSIS  AND  TEST 

In  a  previous  (DTM)  test  using  configuration 
3,  good  agreement  [4]  was  achieved  for  the  first 
two  modes,  corresponding  to  "shear-bending" 
of  the  bus/adapters.  The  fourth  mode  was 
analytically  predicted  at  70  Hz  as  a  tor¬ 
sional  mode,  but  the  test  results  indicated  it 
to  be  the  sixth  mode,  at  92  Hz.  This  discrep¬ 
ancy  in  analysis  was  attributed  to  the  omission 
of  the  electronic  package  stiffnesses  and  to  the 
omission  of  the  PSP  rotary  inertia  terms  from 
tne  mathematical  model. 


TABLE  3. 

Off-Diagonal  Summary  for  Two  DTM  Configurations 


Case 

No. 

Configuration 

|  xmax  | 

no 

u 

ls| 

Remarks 

PSP  Instrument  Weights  on  Support  Tube,  7  Modes,  35  Survey  Points 

5 

3 

0.  26 

0.08 

0.07 

Calculated 

6 

3 

0.  59 

0.  10 

0.  14 

Low  Level  Test 

7 

3 

0.  54 

0.11 

0. 13 

Hi  Level  Retest 

PSP  Instrument  Weights  at  CG,  High  Level  Retest,  41  Survey  Points 

8 

3 

0.  07 

0.02 

0.02 

Six  Modes 

9 

3 

0.  18 

0.03 

0.04 

Seven  Modes 

DTM  Less  PSP,  Six  Modes,  29  Survey  Points 

10 

2 

0.  16 

0.08 

0.04 

Low  Level  Test 
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A  nev  analysis  has  subsequently  been 
completed  .'sr  configuration  • ,  the  bus/ 
adapters,  whicl  includes  a  c  ude  approxima¬ 
tion  of  the  stiffness  o  '  !he  structure  internal 
to  the  electronic  pac'ra  -rv  .  Column  2  of 
Table  4  lists  the  first  even  calculated  modal 
frequencies.  The  third  mode  is  again  tor¬ 
sional  but  its  frequency  is  or  ly  63  llz.  Based 
on  the  known  test  results  for  configuration  2 
(  listed  in  column  6),  the  calculated  bu^/adapters 
third  modal  frequency  of  63  Hz  was  increased 
to  93  Hz.  This  change  anticipated  the  fre¬ 
quency  reduction  which  results  from  the 
PROPS  installation.  At  present  the  torsional 
discrepancy  is  believed  to  be  caused  by  the 
inconsistency  in  the  computer  program  struc¬ 
tural  element  available  at  this  time  for  model¬ 
ing  the  adapter  skin  sections  and  the  inadequate 
modeling  of  the  electronic  package  stiffnesses 
and  their  center  of  gravity  locations. 

The  Modal  Combination  program  12]  was 
used  to  combine  the  calculated  PROPS  modes 
with  the  first  eleven  bus/adapters  modes  to 
obtain  configuration  2.  Only  six  PROPS  modes 
were  used  because  their  corresponding  fre¬ 
quencies,  listed  in  column  4  of  Table  4,  are 
high  relative  to  those  of  configuration  1.  The 
results,  listed  in  column  5,  compare  favorably 
with  the  test  results,  column  6. 

Figure  4  presents  a  comparison  of  analysis 
and  test  results  for  the  first  mode  of  config¬ 
uration  2.  Circled  pr.jnts  are  used  to  denote 
the  displacements  of  vhe  three  effectiv  mass 
points  on  the  PROPS,  the  eight  cornerr  of  the 
bus  top  ling  and  the  top  center  point  ot  the  >us. 
The  eight  lower  corners  of  the  bus  and  the 
lower  center  point  displacements  are  denoted 


by  squares.  The  tect  results  indicate  a  consistent 
translation  of  the  PROPS  and  bus  corners  along 
the  spacecraft  x-axis  but  the  center  tube 
appears  to  twist  and  translate.  The  analysis 
indicates  a  translation  direction  of  the  PROPS 
and  bus  points  which  is  skewed  with  respect  to 
the  x-axis.  A  similar  comparison  of  the  sec¬ 
ond  mode  shapes  (not  shown)  indicates  dis¬ 
placements  normal  to  those  of  the  first  mode; 
e.g. ,  along  the  y-axis  for  the  test  results. 

This  translation  discrepancy  may  result 
from  either  the  adapter  plate  mathematical 
model  formulation  which  ignored  access  cut¬ 
outs,  differences  in  the  stiffness  of  the  elec¬ 
tronic  packages,  or  the  lumped  mass 
distribution.  Another  possibility  is  the  method 
used  to  attach  the  PROPS  at  three  points  to  the 
bus.  For  simplicity,  it  was  assumed  that  the 
PROPS  and  bus /adapters  modes  cannot  influ¬ 
ence  each  other  locally.  This  assumption  can 
be  removed  by  including  the  three  attachment 
modes  which  correspond  to  the  static  deflec¬ 
tion  flexibility  influence  coefficients. 

Two  modal  survey  tests  were  conducted  on 
configuration  3.  The  first  test  results  are 
summarized  in  Ref.  [4],  More  recent  retest 
results  are  presented  in  this  paper. 

Table  5  indicates  the  effect  of  adding  the 
PSP  to  the  above  configuration  2  to  obtain  con¬ 
figuration  3.  The  calculated  modal  frequencies 
of  configuration  2,  listed  as  column  5  of 
Table  4,  are  listed  again  as  column  2  of 
Table  5.  The  calculated  modal  frequencies  ob¬ 
tained  by  analysis  of  an  isolated  PSP  mathe¬ 
matical  model,  including  the  rotary  inertias 
of  the  six  instruments,  are  listed  In  column  3 


TABLE  4. 

Modal  Characteristics  of  the  DTM  Medal  Configuration  Components 


Confi 

juration 

Mode 

1 

1 

1 

1 

1 

? 

2 

2 

No. 

Bus/adapters 
Analysis 
w ,  Hz 

Bus/adapters 
Corrected 
u,  Hz 

PROPS 
Predicted 
u> ,  Hz 

DTM  Less  PSP 
Calculated 
w ,  Hz 

DTM  Less 
PSP  Test 
u>,  Hz 

Dominant 

Type  of  Test 
Mode  Shape 

1 

42 

42 

110 

39 

40 

"Shear- Bending" 

D 

43 

43 

137 

41 

41 

"Shear-Bending" 

m 

63 

93 

152 

88 

89 

"Torsion" 

1 

102 

102 

158 

98 

103 

"Bus  Breathing" 

5 

111 

111 

222 

119 

126 

"Bus  Breathing" 

6 

113 

113 

228 

127 

144 

"Bus  Breathing" 

■ 

119 

119 

140 

151 

"Bus  Breathing" 

□  BOTTOM  OF  bUS  POINTS 
O  PIJOPS  AND  TOP 
OF  BUS  POINTS 


Fig.  4  -  Mode  shape  comparison  lor  the  first  frequency  of  configuration  2 


of  Table  5.  The  Modal  Combination  program 
was  used  to  combine  the  modal  characteristics 
of  tl  ese  two  structures  to  obtain  configuration 
3.  The  results  are  given  in  column  4.  Col¬ 
umn  5  lists  the  modal  frequencies  obtained 
from  the  retest  of  configuration  3,  which  used 
higher  force  levels.  Again,  the  calculated 
values  are  in  good  agreement  with  test  results 
for  the  first  two  modes. 

The  sixth  column  of  Table  5  presents  a 
brief  description  of  the  dominant  test  mode 
shapes  where  the  third  through  fifth  mode 
shapes  are  best  characterized  by  various  PSP 


motions.  The  sixth  and  seventh  test  modes 
appear  as  "torsion"  and  "bus  breathing," 
respectively. 

The  calculated  frequencies  for  the  analyt¬ 
ical  configuration  3  model  are  listed  in  column 
4  of  Table  5.  The  first  torsional  mode  appears 
as  the  seventh  calculated  mode.  As  discussed 
previously,  the  isolated  bus/adapters,  con¬ 
figuration  1,  third  mode  was  torsional  and  its 
frequency  was  increased  from  63  to  93  Hz. 

This  arbitrary  frequency  increase  is  justified 
because  it  makes  the  calculated  first  torsion 
(configuration  3)  mode  frequency  agree  with  the 


TABLE  5 

Modal  Characteristics  of  the  DTM  Modal  Configuration 


Configuration 

Mode 

2 

1 

1 

1 

3 

3 

3 

DTM  Less  PSP 
Calculated 
w ,  Hz 

FSP 

Predicted 
u,  Hz 

DTM 

Calculated 
w,  Hz 

DTM 
Retest 
u ,  Hz 

Dominant 

Type  of  Retest 
Mode  Shape 

1 

39 

60 

34 

35 

"Shear -Bending" 

2 

41 

79 

36 

37 

"Shear -Bending" 

3 

88 

97 

50 

43 

"PSP  Rocking" 

4 

98 

111 

68 

54 

"PSP  Plunging" 

5 

119 

155 

72 

56 

"PSP  Rotating" 

6 

127 

160 

78 

90 

"Torsiorf1 

7 

140 

— 

90 

102 

"Bur  Breathing" 

90-Hz  retest  value.  Because  -he  calculated 
configuration  3  third,  fourth,  and  fifth  nodes 
are  characterized  by  various  PSP  motions, 
which  occur  at  frequencies  higher  than  the 
test  values,  it  can  be  concluded  that  the  PSP 
mathematical  model  is  too  stiff. 

Figure  5  presents  plotted  analyses  and 
retest  results  for  the  first  mode  configura¬ 
tion  3.  Circled  points  are  used  to  denote  the 
amplitudes  of  three  points  on  the  PROPS,  the 
eight  corners  and  center  point  of  the  bus  top 
ring,  and  various  points  along  the  PbP  support 
structure.  As  might  be  expected  at  this  rela¬ 
tively  low  frequency,  the  PSP  was  translating 
laterally.  The  observation  that  the  analytically 
predicted  PSPamplitudes  are  less  than  half  the 
testvalues  is  consistent  with  the  con-lusion  that 
the  PSP  mathematical  model  is  too  stiff. 
Relative  to  the  previous  aic.russ.on  of  Fig.  4, 
installation  of  the  PSP  has  veduc  d  the  first 
mode  frequency  but  has  not  appreciably  in¬ 
fluenced  the  direction  discrepancy  that  occurs 
between  the  analytical  and  test  results  for  the 
lateral  translation  of  the  bus  top  ring. 

The  Modal  Combination  computer  program 
(used  to  predict  the  spacecraft  structural 
response)  requires  >z  input  a  complete  set 
of  spacecraft  low-frequency  orthogonal  modes. 
At  present,  the  Model  Combination  results 
are  based  only  on  calculated  mode  shapes,  but 
one  modal  frequency  value  is  based  on  test 
results. 

Although  the  proper  analytic  prediction 
of  the  configuration  1  torsional  characteristic 
remains  an  unsolved  problem,  it  is  not 
considered  critical  to  the  Mariner  Mars  1969 
program  since  the  primary  objective  of  the 


analysis  has  beer  achievt  d.  Early  ,n  t.v>e 
program,  analysis  indicated  that  ti  e  maximum 
load  and  dynamic  clearance  conditions  involved 
primarily  the  first  two  low  li  e., ’ency  modes. 
Early  3tatie  and  modal  test  data  verified  that 
the  initial  analysis  results  were  .'ufficientiy 
accurate  foe  design  purposes.  Later,  static 
and  modal  test  data  correlated  well  enough 
with  analytical  calculations  to  establish  great 
confidence  in  the  predicted  forced-vibration 
response  levels.  Fortunately,  no  difficulty 
was  encountered  during  the  ultimate  ’oad  level 
forced-vibration  test.  However,  an  adequate 
mathematical  model  was  available  for  problem 
investigation  bad  difficulties  arisen. 

It  is  suggested  that  future  mathematical 
models  incorporate  several  changes.  The 
improved  skin  section  elements,  currently 
being  installed  into  the  SAMIS  program 
should  be  used  as  this  might  provide  the 
proper  reduction  in  PSP  stiffness  and  in¬ 
crease  in  bus/adapters  torsional  stiffness. 
The  bus  mathematical  model  must  include 
a  more  realistic  way  of  accounting  for  the 
electronic  package  stiffnesses  and  inertia 
properties.  Modes  associated  with  the 
attachment  reaction  forces  should  be  included 
when  the  PROPS  and  PSP  modes  are  com¬ 
bined  with  those  of  the  bus/adapters. 

CONCLUSIONS 

A  correlative  approach  has  been  presented 
which  uses  the  synergistic  effect  of  analysis 
and  test  to  evaluate  the  modal  characteristics 
of  the  Mariner  Mars  1969  spacecraft.  From 
past  expe,  lence,  an  adequate  modal  test  pro¬ 
cedure  has  evolved  and  was  used  to  investigate 


Fig.  5  -  Mode  shape  comparison  for  the  first  frequency  of  configuration  3 
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the  ir dividual  and  composite  structural  systems. 
Satisfactory  test  techniques,  developed  previ¬ 
ously,  we  re  usedto  obtainthe  modal  characteris¬ 
tics  cf  lightweight,  fragile  structures  as  typified 
by  the  solar  panels  and  high-gainantenna  reflec¬ 
tor  and  for  flight  acceptance  quality  assurance 
verifications.  A  mathematical  model  has  been 
developed  that  provides  a  means  for  investi¬ 
gating  the  complex  relationships  which  exist 
between  the  •  arious  structural  subsystems. 

ACENOW  LEDGEMENT 

The  authors  wish  to  express  appreciation 
to  Mr.  H.  J.  Holbeck,  Group  Supervisor, 
Mariner  P  ” jctures  and  Dynamics  Group  of 
the  Jet  Propulsion  Laboratory  for  his  helpful 
criticism  and  discussion  du  -ing  the  course  of 
this  effort. 


REFERENCES 

1.  Hurty,  W.  C.  ,  "Dynamic  Analysis  of  Struc¬ 
tural  Systems  Using  Component  Modes," 
ALAA  Journal,  Vol.  _3,  pp.  678-685,  1965. 

2.  Bamford,  R.  M. ,  "A  Modal  Combination 
Program  for  Dynamic  Analysis  of  Struc¬ 
tures,"  JPL  TM  33-290,  August  1966. 

3.  Melosh,  R.  J. ,  Diether,  P.  A.,  and 
Brennan,  M. ,  "Structural  Analysis  and 
Matrix  Interpretive  System  (SAMIS)  Pro¬ 
gram  Report,"  JPL  TM  33-307, 

December  1966. 

4.  Holbeck,  K  J.,  Arthurs,  T.  D.,  andGaugh, 
W.  J.,  "Structural  Dynamic  Analysis  of  the 
Marinei  Mars  '69  Spacecraft,  "  38th  Shock 
and  Vibration  Bulletin,  Part  2,  1968. 


UPRATED  SATURN  I  FULL  SCALE  DYNAMIC  TEST  CORRELATION 


Charles  F.  Wells,  end  John  E.  Hord 
Chrysler  Corporation  Space  Division 
Nev  Orleens,  Louisiana 


A  full  scale  vibration  test  vas  conducted  for  the  Uprated  Saturn  I  vehicle 
to  determine  its  bending  and  torsion  frequencies  and' mode  shapes.  The  test 
vas  performed  in  the  Uprated  Saturn  I  dynamic  test  tower  located  at  the 
Marshall  Space  Flight  Center,  Huntsville,  Alabama.  This  paper  presents  a 
brief  description  and  the  correlation  of  these  tests  with  theoretical  results 
of  a  multibeam  dynamic  model  currently  being  used  to  generate  bending  and 
torsion  modes  of  the  clustered  tank  Uprated  Saturn  I  configuration.  Good 
correlation  is  shown  in  most  cases. 


INTRODUCTION 

The  dynamic  test  vehicle,  SA-200-D,  a  full 
scale  prototype  of  the  Uprated  Saturn  I  vehicle, 
was  tested  In  four  total  vehicle  configurations 
to  simulate  the  AS-202,  AS-203,  AS-2OI1,  and  AS- 
207  flight  vehicles.  The  test  was  performed  in 
the  Uprated  Saturn  I  dynamic  test  tower  located 
at  Marshall  Space  Flight  Center,  Huntsville, 
Alabama.  The  theoretical  dynamic  models  briefly 
described  and  correlated  in  this  paper  are  cur¬ 
rently  being  lsed  to  generate  bending  and  tor¬ 
sion  modes  for  flexible  body  wind  response  stud¬ 
ies  and  control  system  design  du  ring  first  stage 
flight . 

DESCRIPTION  OF  UPRATED  SATURN  I  VEHICLE 

The  booster  stage  of  the  Uprated  Saturn  I 
vehicle  consists  of  a  cluster  of  eight  outer  70" 
LOX  and  RP-1  fuel  tanks  alternately  positioned 
around  a  105"  center  LOX  tank.  Outer  tanks  are 
attached  on  top  to  the  "spider  beam"  and  on  bot¬ 
tom  to  the  "thrust  structure"  at  tvo  points  on 
each  end  of  the  tanks .  Fig .  1  shows  ar.  exploded 
view  of  the  S-IB  stage.  This  clustered  arrange¬ 
ment  of  the  booster  necessitates  the  simulation 
of  the  vehicle  by  a  multibe?"  mathematical  model 
rather  than  a  single  beam  analogy  as  is  custom¬ 
ary  for  a  missile.  The  upper  stages  normally 
consist  of  an  S-IB/S-IV3  interstage,  an  S-IVB 
second  stage,  an  Instrument  Unit  stage  (I.U.) 
and  an  Apollo  spacecraft , 

Four  flight  configurations  were  simulated 
during  the  dynamic  test.  The  AS-202  vehicle 
was  a  heat  shield  re-entry  test  and  vas  tested 
and  launched  with  the  Apollo  spacecraft  minus 
the  Lunar  Module  (LM). 


Fig.  1.  Saturn  IB  Stage  "Exploded"  View 


The  AS-203  vehicle  was  a  liquid  hydrogen 
experiment  with  the  Apollo  spacecraft  removed 
and  a  nose  cone  fitted  to  the  Instrument  Unit. 

I  e  nose  cone  was  simulated  in  the  dynamic  test 
b,  leaving  the  empty  LM  adapter  on  top  of  the 
I.U. 

The  AS-201!  vehicle  has  a  "LM  Only"  mission. 
At  the  time  t,h»  test  vas  conducted  it  was  sched¬ 
uled  to  carry  the  fully  loaded  IM  and  a  stripped 
down  boiler  plate  Apollo  spacecraft  and  was  test¬ 
ed  in  this  configuration.  The  flight  configu¬ 
ration,  hovever,  was  recently  flown  vith  a  nose 
cone  on  top  of  the  LM  adapter. 
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At  the  time  of  the  test  the  AS-207  was  a 
rendezvous  mission  with  a  partially  loaded  1.7 
and  an  Apollo  spacecraft.  This  mission  has 
also  been  changed  to  exclude  the  LM. 

DESCRIPTION  OF  TEST  SETUP 

The  ground  vibration  tests  (1)  were  accom¬ 
plished  by  supporting  the  test  vehicle  verti¬ 
cally  in  the  Uprated  Saturn  I  dynamic  test 
tower  with  a  system  of  cables  and  springs  as 
depicted  in  Fig.  2  The  vehicle  was  then  ex¬ 
cited  electrodynamically  in  the  lateral  and 
torsional  planes,  while  suspended  */.  a  simulated 
free-free  corlition.  The  suspensi  t.  system  was 
composed  of  a  series  of  bridge-strand  steel 
cables  running  upward  from  the  cable  adapter 
plates,  which  were  sandwiched  between  the  fins 
and  the  booster  at  all  eight  fin  locations,  to 
the  spring  assemblies,  which  consisted  of  twelve 
springs  per  assembly.  Immediately  above  the 
spring  assembly,  hydraulic  cylinders  were  used 
at  each  suspension  point  to  lilt  the  vehicle 
approximately  or.e  inch  clear  of  its  holddown 
structure.  Spring  assembly  constants  were  such 
that  the  rigid  vehicle  rocking  modes  were  below 
0.5  cps. 


Station  (Inches) 


Fig.  2.  Sketch  of  Uprated  Saturn  I  Dyne-'ic 
Test  Tower 


Vehicle  excitation  was  performed  by  apply¬ 
ing  a  sinusoidal  force  near  the  engine  gimbal 
plane  with  an  ele’trodynamic  shaker  through  a 
push-rod  that  had  a  double-bridge  load  cell  to 
measure  the  shaker  force.  The  shaker  force  was 
introduced  through  the  stub  fins  near  Station 
113.  The  shakers  were  of  two  capacities,  500 
pounds  for  torsional  excitation  and  1500  pounds 
for  lateral  excitation.  During  torsional  test¬ 
ing,  two  exciters  were  operated  in  opposite 
directions  directly  ac’ oss  from  one  another. 

In  order  to  agree  with  documented  weight 
distribution  and  center  of  gravity  locations  of 
the  flight  vehicle,  it  was  necessary  to  use  a 
propellant  simulant.  Since  de-ionized  water  is 
slightly  lighter  than  IDX  and  slightly  heavier 
than  RP-1,  it  was  used  to  simulate  both  L0X  and 
RP-1  in  the  S-IB  booster,  the  S-IVB  L0X  tank  and 
the  Service  Module.  The  correct  amount  of  water 
required  in  the  L0X  and  fuel  tanks  was  maintained 
by  observing  sight  gages  installed  alongside  the 
tanks.  Lead  and  steel  ballast  were  also  used  to 
further  adjust  the  mRss  distribution. 

Solid  ballast  was  used  to  simulate  propel¬ 
lant  and  hardware  in  the  Launch  Escape  System 
(LES)  rocket,  the  Command  Module,  (CM),  and  the 
Lunar  Module  Test  Article  (LTA-2). 

Two  types  of  ground  transducers,  strain- 
gage-viscous-damped  accelerometers  with  a  range 
of  +1.0g,  and  inertial-spring-mass-viscous- 
damped  accelerometers  with  a  range  of  0.5  to 
5.0g,  and  two  types  of  airborne  systems  trans¬ 
ducers  ,  inertial-spring-mas.s-viscous-damped 
accelerometers  with  a  range  of  10  m/sec2  and 
25  m/sec2,  and  rate  gyros  having  full  scale 
range  of  10  degrees  per  second,  were  used  to 
measure  response  of  the  test  vehicle.  It  was 
necessary  to  locate  the  transducers  at  points 
inside  the  test  vehicle  structure  as  well  as  on 
its  outer  surface.  The  outputs  from  approxi¬ 
mately  175  accelerometers,  30  rate  gyros  and  a 
small  number  of  strain  gages  were  recorded  to 
determine  the  dynamic  response  of  the  vehicle. 
These  sensors  were  subdivided  into  three  groups 
for  specific  use  of  the  dynamics,  control,  and 
structures  disciplines.  Fig.  3  shows  the  Up¬ 
rated  Saturn  I  dynamic  test  tower  with  the  test 
vehicle  enclosed.  In  the  background  Is  the 
Saturn  V  dynamic  t^st  tower. 

THEORETICAL  MODEL  IDEALIZATION 

The  theoretic  ll  models  were  developed  using 
the  "recoupling  of  element  modes"  approach 
rather  than  a  complete  "direct  stiffness"  method. 
Using  this  approach,  the  total  motion  of  the 
individual  elemental  structures  is  idealized  as 
the  sum  of  contribution  from  uncoupled  modes 
which  satisfy  the  boundary  conditions  and  are 
weighted  by  the  generalized  coordinates.  Equa¬ 
tions  of  motion  were  derived  by  applying 
Lagrange's  equations  to  the  kinetic  and  potential 
energy  expressions  of  the  system  and  are  docu¬ 
mented  in  Ref.  (1). 
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Fig,  3.  Uprated  Saturn  I 
Dynamic  Test  Tower 


Fig.  It  shows  a  cross  section  of  the  booster 
stage  in  the  ’’spider  beam”  area.  Because  of  the 
two  support  point  arrangement,  the  principal 
planes  of  motion  of  the  outer  tanks  are  in  the 
radial  and  tangential  directions.  Earlier  tests 
of  Block  II  Saturn  I  vehicles  had  shown  that 
lateral  translation  of  the  spider  beam  and  thrust 
structure  attachment  points  was  small  enough  to 
consider  the  tanks  as  "pinned-pinned”  beams  with 
rotational  end  springs  in  both  the  radial  and 
tangential  directions. 

In  the  radial  direction  the  LOX  tanks  have 
only  small  rotational  restraints  given  by  the 
compression  studs  at  the  forward  end  and  the 
tied-down  sockets  at  the  aft  end.  In  the  tan¬ 
gential  direction  the  LOX  tanks  are  highly  re¬ 
strained  at  both  ends. 

The  fuel  tanks  have  only  a  small  angular 
spring  rate  at  the  spider  beam  due  to  the  slid¬ 
ing  pin  Joints  and  essentially  no  restraint  in 
the  radial  direction  from  the  ball-socket  Joints 
at  the  thrust  structure.  In  the  tangential  di¬ 
rection  at  the  thrust  structure,  the  fuel  tanks 
have  a  spring  constant  of  about  half  the  value 
of  the  U)X  tanks,  since  the  ball-socket  supports 
cannot  carry  tension,  one  side  lifting  out  if  a 
moment  is  applied  to  the  tank.  In  addition 
certain  cross-coupling  spring  constants  are  nec¬ 
essary  to  account  for  elastic  coupling  of  the 
spider  beam  and  thrust  structure. 


The  modal  approach  allows  each  of  the 
basic  directions  of  motion  to  he  represented  by 
a  summation  of  as  many  uncoupled  modes  as  re¬ 
quired  to  describe  a  given  frequency  range.  In 
the  bending  model,  six  "center  barrel”  free- free 
modes  are  calculated  after  removing  four  outer 
fuel  and  two  outer  iX)X  tanks.  This  leaves  the 
center  LOX  tank  with  one  outer  LOX  tank  on  each 
side  as  the  basic  bending  structure.  This  ideal¬ 
ization  was  used  because  of  the  high  tangential 
restraint  on  the  ends  of  the  LOX  tanks.  The 
tank  modes  were  coupled  to  the  "center  barrel" 
through  radial  and  tangential  springs  on  the 
ends  of  the  tanks.  Consideration  was  e.iven  to 
the  method  (explained  previously)  of  attachment 
of  the  individual  tanks  to  determine  the  springs 
which  were  needed  to  simulate  potential  energy 
in  the  spider  beam  and  thru3t  structure.  Only 
the  longitudinal  compression  and  tension  of  the 
two  LOX  tanks  previously  removed  was  included  in 
the  model  as  effective  springs,  since  the  fuel 
tanks  with  the  sliding  pins  forward  cannot  carry 
tension  or  compression.  Three  pinned-pinned 
modes  were  used  in  simulating  additional  ladial 
and  tangential  motion  of  the  outer  tanks  and  two 
pinned-pinned  modes  were  used  for  the  105"  center 
LOX  tank.  Rigid  body  modes  of  vehicle  transla¬ 
tion  and  rotation  were  included  which  forced  the 
summation  of  forces  and  momentB  of  the  coupled 
system  to  equal  zero,  satisfying  free-free  con¬ 
ditions.  ThiB  gives  a  total  of  twenty-two 
degrees  of  freedom  for  the  bending  model.  Only 
about  two  -thirds  of  these  modes  are  valid  how¬ 
ever,  since  more  than  six  "center  barrel"  modes 
must  be  included  to  sufficiently  cover  the  fre¬ 
quency  range  of  three-pinned-pinned  tank  modes. 

The  higher  modes  are  included  only  to  refine  the 
mode  shapes  and  frequencies  of  the  lower  modes. 

In  the  torsion  model,  four  "center  barrel" 
torsion  modes  were  included.  These  modes  were  I 

calculated  by  using  the  total  moment  of  inertia 
per  unit  length  of  the  clustered  booster,  but 
only  the  stiffness  of  the  eight  outer  tanks 
about  their  own  centerlinss.  This  idealization 
was  used  since  a  static  analysis  of  the  S-IE 
stage  using  a  detailed  stress  model  showed  that 
for  a  torque  loading  at  the  spider  beam,  60.2Jf 
of  the  torque  load  was  carried  by  twisting  of 
the  outer  tanks,  2b. b$  by  center  LOX  tank 
twisting  and  15.b!f  by  bending  in  the  outer  tanks. 

Three  pinned-pinned  modes  for  each  type  outer 
tank  were  used  for  tangential  motion.  For  the 
105"  center  LOX  tank,  a  rigid  rotation  and  the 
first  free-free  torsion  mode  were  used  and  cou¬ 
pled  through  the  "spoke  wheel"  rotation  springs 
of  the  spider  beam  and  thrust  structure.  To 
ensure  a  free-free  coupled  model,  one  rigid 
vehicle  rotation  mode  was  also  included.  This 
resulted  in  a  total  of  thirteen  degrees  if  free¬ 
dom  for  the  torsion  dynamic  model.  Again,  the 
higher  modes  were  included  only  to  refine  the 
lower  modes. 

Some  clarification  is  needed  to  explain  why 
separate  bending  and  torsion  models  can  be  used, 
as  well  as  possible  simplifications  in  the 
degrees  of  freedom  considered.  When  the  complete 


137 


t 


coupled  equations  of  notion  for  the  pitch,  yaw 
and  roll  planer  are  written,  it  becomes  appar¬ 
ent  that  because  of  the  inherent  symmetry  of 
the  cluster  (four  fuel  and/or  four  LOX  tanks 
each  90°  apart)  the  pitch,  yaw  and  roll  planes 
are  essentially  uncoupled  dynamically.  Further¬ 
more,  since  diagonally  opposite  tanks  are  alike, 
the  system  contains  four  radial  tank  modes  and 
two  tangential  tank  modes  where  tanks  diago¬ 
nally  across  move  in  the  opposite  direction. 
These  modes  produce  no  resultant  forces  or 
torques  on  the  rest  of  the  vehicle  and  there¬ 
fore  are  completely  uncoupled  from  themselves 
and  the  rest  of  the  system.  The  directions  of 
these  six  "pulsating"  modes  are  depicted  in 
Fig.  It,  They  have  no  effect  on  control  system 
design  because  the  upper  stages  which  contain 
the  control  system  sensors  have  no  motion. 

They  were  also  not  excited  in  the  test,  since 
shakers  were  not  put  on  the  tanks.  These  modes 
would  only  be  of  interest  if  total  notions  of 
the  tanks,  excited  by  such  things  as  aerodynamic 
turbulence  during  flight,  were  desired.  They 
also  require  no  extensive  analysis  since  they 
are  Just  the  pinned-pinned  modes  of  the  tanks 
with  rotational  springs  simulating  the  spider 
beam  and  thrust  structure  stiffnesses.  Flimi- 
natlcn  of  these  modes  from  the  system  is  accom¬ 
plished  by  lumping  together  tanks  diagonally 
across  from  one  another  in  the  bending  model 
and  by  lumping  all  similar  tanks  together  in 
the  torsion  model.  The  fact  thRt  pitch  and  yaw 
modes  are  uncoupled  can  be  physically  interpre¬ 
ted  by  requiring  that  in  a  pitch  (or  yaw) 
bending  mode,  the  U)X  and/or  fuel  tanks  have  a 
net  zero  force  motion  in  the  yaw  (or  pitch) 
plane.  This  interpretation  is  the  heart  of  the 
mathematical  transformatioh  which  rigidly  un¬ 
couples  the  pitch,  yaw  and  roll  planes  and  is  a 
direct  result  of  similar  tanks  being  <50°  apart. 


To  reiterate  then,  the  degrees  of  freedom 
of  the  clustered  arrangement  can  be  greatly  re¬ 
duced  by  recognizing  the  fact  that,  except  for 
possible  upper  stage  assymmetries ,  the  pitch, 
yaw  and  roll  planes  are  dynamically  uncoupled 
and  the  "pulsating"  modes  of  the  tanks  are  un¬ 
coupled  from  control  system  feedback  problems. 
These  two  conditions  allow  the  outer  tank  motion 
to  be  reduced  from  sixteen  directions  (two 
planes  of  motion  for  eight  tanks)  to  sit;  four 
in  the  pitch/yaw  bending  model  (LOX  radial,  LOX 
tangential,  fuel  radial,  fuel  tangential),  and 
two  in  a  torsion  model  (LOX  and  fuel  tangential). 
From  the  origiral  sixteen  directions,  four  are 
eliminated  by  disregarding  radial  "pulsating" 
modes,  two  by  disregarding  tangential  "pulsating" 
modes  and  feur  by  the  fact  that  the  pitch  and 
yaw  planes  i.ave  identical  modes.  Twisting 
degrees  of  freedom  of  the  outer  tanks  were  not 
considered  since  their  frequencies  are  very 
high  (  >  UO  cps)  because  the  propellant  doeB  not 
contribute  to  the  tank  roll  moments  of  inertia. 

Final  spring  constant  values  in  the  model 
were  determined  by  changing  calculated  values 
to  obtain  better  test  correlation.  Differences 
between  calculated  and  correlated  values 
averaged  about  10)E. 

EFFECTIVE  STIFFNESS  VALUES  FOR  AFT  PORTION  OF 
S-IB/S-IVB  INTERSTAGE 

During  the  course  of  correlating  the 
multibeam  theoretical  model  with  the  full  scale 
dynamic  test  results,  it  was  noted  that  the 
numerical  value  of  the  geometric  El  for  the  aft 
portion  of  the  interstage  was  too  large.  It 
was  assumed  that  this  was  caused  by  the  shell 
properties  of  the  interstage  and  the  20  inch 
offset  in  the  load  path  as  loads  are  transmitted 
from  the  interstage  into  the  outer  LOX  tanks. 

In  order  to  verify  this  assumption,  a  detailed 
shell  model  of  the  spider  beam  -  aft  interstage 
combination^  developed  for  stress  calculations, 
was  used  to  determine  an  effective  stiffness  Pf 
the  aft  portion  of  the  interstage  from  Station 
9f>2  to  llOl1,  This  portion  of  the  interstage 
was  cantilevered  at  Station  1101*  and  various 
loading  conditions  simulating  pure  shear  and 
bending  moment  applied  at  the  outer  LOX  tank 
attachment  points,  It  was  determined  that  the 
structure  could  not  be  strictly  idealized  as  a 
beam  and  that  its  effective  El  depended  on  the 
loading  condition.  Evidence  of  this  was  also 
noted  during  the  test,  as  recorded  by  one  test 
engineer  during  first  bending  resonance  of 
AS-202-D,  "Very  pronounced  panel  mode  in 
S-IVB/S-IE  interstage".  However,  for  purposes 
of  the  multibeam  dynamic  model,  an  effective  El 
distribution  to  produce  good  correlation  on  the 
lower  modes  was  determined  and  was  used  in  all 
theoretical  modes  presented  in  this  paper. 


Fig.  It,  Uprated  Saturn  I  "Spider  Beam" 
Details  Depicting  Directions  of  the  Six 
Outer  Tank  "Pulsating"  Modes 
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EFFECTIVE  STIFFNESS  VALUES  FOP  SERVICE  MODULE/ 
COMMAND  MODULE  INTERFACE 


TEST  CORRELATION  OF  FREQUENCIES  AND  MODE  SHADES 


The  test  results  also  showed  that  the 
service  module-command  module  torsion  restraint 
was  much  lower  than  design  data  for  this  area. 
The  low  restraint  is  due  to  the  lack  of  any 
side  struts  on  the  triangular  supports  at  the 
top  of  the  service  module  which  "cradle"  the 
command  module.  First  bending  mode  shapes  and 
low  values  of  second  bending  frequency  also 
indicated  a  bending  weak  spot  in  the  service 
module-command  module  area.  By  correlating 
test  results,  effective  torsional  and  bending 
stiffnesses  were  determined  for  this  area. 

Ben  .ine  stiffnesses  were  later  veiified  by  the 
results  of  static  tests  performed  on  a  service 
module-command  module  configuration  and  are 
discussed  later  in  the  paper. 


Using  theoretical  multi beam  models  pre¬ 
viously  discussed,  the  results  of  the  full  scale 
dynamic  tests  were  compared  to  calculated  modes. 
Table  1  presents  a  comparison  of  frequencies 
from  the  test  and  the  model.  The  first  and  sec¬ 
ond  columns  for  each  configuration  give  the  test 
and  model  frequencies.  The  third  column  gives 
the  percentage  increase  required  in  the  model 
frequencies  due  to  coupling  with  lg  sloshing, 
since  the  multibeam  model  does  not  contain 
sloshing  modes.  The  resultant  percent  error  is 
given  in  the  fourth  column.  The  last  column  of 
the  table  gives  the  average  percent  error  for 
each  mode  over  the  four  vehicle  configurations. 
The  average  percent  errors  are  given  not  as 
tolerance  factors  on  th >  modes,  but  as  an  in¬ 
dication  of  how  effective  one  model  was  in 
simulating  a  variety  of  configurations. 


TABU  l 

COMPARISON  Of  TtST  AND  THBDMTICAL  BINDING 
AND  TCBSIOD  PBBJUWCISS  PCD  S-IB  STAGS  PLIGHT 


BENDING  NXt 
DESCRIPTION 

ASX 

2-D 

_ ASZ 

13J! _ 

_ A32Q4-D _ _ 

ASX 

_ 

— 

■JEEtSfi 

1MH. 

KTSM 

1  a 

LKCR 

r(cps) 

%  DU 

FTc*  1 

H'ii 

11223 

pn~.~qtp.77n 

I 

I 

Pn-rr 

IQSE3 

inai 

r-'-v-B 

PPH7[e;7TZ 

EH3 

-liftoff- 

1ST  BIDDING 

1.35 

1.20 

2.7 

-9.0 

2.30 

2.17 

1.8 

-4.0 

1.34 

1.27 

1.6 

-3.6 

1.32 

1.24 

1.9 

-4«6 

-5.3 

1ST  Fm  RAD. 

1.65 

1.61 

0.3 

-2.8 

1.61 

1.60 

0.3 

-0.1 

1.65 

1.61 

0.2 

-2.2 

1.65 

1.61 

0.4 

-1.5 

-1.8 

1ST  LOX  RAD. 

2.10 

2.06 

0.3 

-1.9 

2.05 

2.05 

0.4 

0.6 

2.02 

2  06 

0.4 

2.4 

2.10 

2.0o 

0.3 

-1.4 

-0.1 

2ND  BIDDING 

2.27 

2.12 

0.4 

-6.1 

6.30 

5.89 

3-8 

-3.0 

2.15 

2.15 

0.5 

0.3 

2.26 

2.18 

0.4 

-3.1 

-3.1 

1ST  PUB.  TANG. 

2.45 

2.45 

0.7 

1.0 

- 

2.55 

0.8 

. 

- 

2.49 

0.1 

- 

2.40 

2.48 

0.4 

3.9 

2.5 

1ST  LCat  TANG. 

3.57 

3.51 

0.9 

-0.8 

3-65 

3.64 

0.6 

0.5 

3.42 

3.63 

0.6 

6.8 

3.40 

3.58 

0.4 

5.7 

3.1 

3RD  BINDING 

4.14 

3.89 

2.1 

-4.0 

8.06 

7.59 

0.5 

-5.3 

3.85 

4.28 

1.7 

13.1 

3.79 

3.98 

1.2 

6.3 

2.5 

2ND  FUEL  RAD. 

5.90 

5.60 

0.5 

-4.6 

5.72 

5.50 

0.8 

-3.0 

- 

5.66 

0.6 

- 

6.00 

5.66 

0.6 

-5.1 

-4.2 

**TH  BIND  INC 

6.67 

6.36 

1.2 

-3.4 

“ 

10.47 

- 

5.82 

6.31 

0.9 

9.5 

5.78 

6.32 

1 .0 

5 

5.5 

-no  SIC  ODDS- 

1ST  BWDDKS 

1.64 

1.31 

3.8 

-17.1 

3-84 

4.00 

7.0 

n.5 

l.U 

1.37 

1.5 

-1.1 

l.U 

1.34 

2.2 

-4.9 

-2.9 

2ND  BWDING 

2.57 

2.36 

1.1 

-7.1 

6.74 

8.96 

2.6 

36.5 

2.65 

2.65 

1.2 

1.3 

2.61 

2.57 

0.9 

-0.6 

7.5 

1ST  PUB,  BAD. 

6.04 

5.66 

3.1 

-3-4 

- 

4.70 

2.8 

- 

5.10 

4.66 

2.3 

-6.5 

5.10 

4.66 

2.5 

-*.t 

-5.4 

1ST  LOI  BAD. 

4.80 

4.91 

2.5 

4.8 

5.00 

5.26 

3.4 

8.8 

5.46 

5.92 

2.7 

n.4 

5.U 

5.89 

2.7 

n.2 

9.0 

3RD  BMDliC 

7.70 

6.78 

1.0 

-n.i 

- 

13.74 

- 

- 

5.80 

6.42 

0.9 

12.1 

6.09 

6.54 

1.2 

8.7 

3.2 

1ST  mL  TANO. 

9.39 

8.87 

1.5 

-4.2 

7.80 

7.88 

4.5 

5.6 

- 

8.24 

1.8 

- 

- 

8.27 

2.5 

- 

0.7 

1ST  LQZ  TANG. 

S.35 

2.2 

- 

- 

8.34 

- 

- 

- 

10.33 

- 

- 

9.70 

10.33 

- 

6.6 

6.6 

LTH  BINDING 

9.69 

9.89 

- 

2.1 

“ 

- 

- 

- 

8.86 

* 

- 

- 

9.16 

- 

2.1 

-BURNOUT- 

1ST  BIDDING 

1.64 

1.39 

2.6 

-13.1 

3.88 

4.05 

7.0 

n.7 

1.45 

1.43 

1.4 

0.2 

1.48 

l.U 

1.7 

-3-3 

-1.1 

»D  BMDINC 

2.60 

a.  37 

1.2 

-7.5 

- 

- 

- 

- 

2.65 

2.67 

1.7 

2.4 

2.59 

2.58 

0.8 

0,6 

-1.5 

3RD  BINDING 

6.88 

7.12 

1.5 

5.0 

- 

- 

- 

- 

5.83 

6.39 

0.7 

10.3 

6.28 

6.51 

1.0 

4.7 

6.7 

VTH  BINDING 

8.95 

10.46 

- 

16.9 

- 

- 

- 

- 

- 

10.21 

- 

- 

7.58 

10.59 

- 

39.7 

28.3 

mm 

-- 

■ 

CANTILXVEUD 

(AS- 204  PULL  TEST) 

1ST  BINDING 

- 

- 

- 

- 

- 

.95 

.99 

- 

4.2 

- 

- 

- 

- 

- 

2ND  BWUNG 

- 

- 

- 

D 

- 

B 

3.80 

3.73 

- 

-1.9 

- 

- 

- 

- 

- 

TORSION  NOOK 

DBCMVIGD 

-LIFTOFF- 

1ST  PUH,  TANO. 

2.41 

2.42 

0 

0.4 

2.19 

2.41 

0 

1.4 

2.40 

2.42 

0.1 

0.9 

2.38 

2-42 

0.1 

1.9 

1.2 

1ST  TORSION 

3-51 

3.50 

0.1 

-0.2 

3.52 

3.56 

0.1 

1.1 

3.53 

3.46 

0.1 

-1.7 

3-54 

3.49 

0.1 

-1.1 

-0.5 

C0M4AND  MCd’U 

4.74 

4.  a 

0 

-6.8 

- 

- 

- 

- 

6.42 

6.45 

0 

0.6 

K3EJ 

4.42 

0 

0.5 

-1.9 

1ST  LCOL  TANG. 

5.60 

4.94 

0.1 

-n.6 

5.36 

4.81 

0 

-10.2 

5.05 

4.66 

0 

-7.6 

5.40 

4.93 

0 

-8.7 

-9.5 

2ND  PVIL  TANG. 

6.79 

6.91 

0.1 

1.9 

6.68 

6.94 

0.1 

4.0 

6.85 

6.89 

0 

0.7 

6.86 

6.84 

0 

-0.3 

1.6 

2ND  LOS  TANG. 

9.67 

9.70 

0.1 

0.3 

9.81 

9.71 

0 

-1.1 

9.10 

9.53 

0 

4.8 

9.68 

9.68 

0.1 

0.1 

1.0 

-UO  SKCMDS- 

1ST  TORSION 

4.25 

4.17 

0 

-1.7 

- 

- 

- 

- 

- 

- 

- 

- 

4.20 

4.13 

0 

-1.7 

-1.7 

COWAN D  MODULE 

5.10 

5.12 

0 

0,4 

- 

- 

- 

- 

- 

- 

- 

- 

5.00 

4.98 

0 

-0.4 

0 

1ST  FUEL  TANG . 

7.66 

9.19 

0.2 

20.3 

- 

- 

- 

- 

- 

- 

- 

- 

7.60 

8.12 

0.2 

7.1 

13.7 

1ST  LQZ  TANO. 

- 

9.71 

- 

- 

- 

- 

- 

- 

* 

- 

- 

- 

10.86 

- 

- 

- 

-BURNOUT- 

1ST  TORSION 

4.55 

4.36 

- 

-4.0 

- 

- 

- 

- 

4.83 

4.77 

- 

-1.2 

- 

- 

- 

- 

-2.6 

COtttAND  MODULI 

5.36 

5.43 

• 

1.3 

“ 

■ 

■ 

6.53 

6.70 

• 

2.6 

“ 

“ 

“ 

“ 

2.0 

Several  areas  of  large  di screraney  are 
noted.  The  203-D  vehicle  analyses  ut  110  sec¬ 
onds  and  burnout  conditions  show  large  differ¬ 
ences.  Frequency  responses  of  the  test  for 
these  two  configurations  were  very  poorly  de¬ 
fined  above  the  first  bending  mode.  Good  res¬ 
onance  peaks  did  not  exist,  especially  for  the 
second  bending  mode,  with  the  accelerometer 
amplitudes  gradually  rising  and  falling  as 
though  the  modes  were  very  heavily  damped  or 
obscured  by  some  non-linear  phenomenon.  To 
further  complicate  matters,  the  203-D  bending 
is  heavily  influenced  by  the  S-IVB  LOX  slosh¬ 
ing  mode  because  of  its  large  slosning  mass 
(78,000 II).  This  sloshing  mass  was  much  larger 
than  those  of  the  other  configurations  since 
the  S-IVB  LOX  tank  was  only  half  full.  It  was 
also  located  near  the  first  bending  mode  shape 
node  making  the  coupling  extremely  sensitive 
to  sloshing  mass  location,  Considerable  time 
was  spent  trying  to  accurately  evaluate  the 
effects  of  sloshing  on  the  203-D  vehicle  This 
effort  resulted  in  the  conclusion  that  much 
more  detailed  study  would  be  necessary  to  de¬ 
termine  if  a  spring-mass  sloshing  analogy  is 
accurate  enough  to  account  for  coupling  with 
bending  in  the  case  of  a  very  large  sloshing 
mass  near  a  node. 

AS-202-D  test  frequencies  are  very  hard  to 
explain  based  on  20li-D  and  207 -D  results.  Ex¬ 
amination  of  the  mass  distribution  documented 
during  the  test  would  indicate  that  without  a 
change  in  stiffness  properties  of  the  vehicle, 
the  first  and  second  binding  modes  would  be 
lowest  for  the  202-D  configuration.  The  test 
results  show  the  opposite  effect  to  a  large 
degree.  This  inconsistency  was  not  resolved 
during  the  test  evaluation.  In  view  of  the 
facts  that  lower  frequencies  are  normally  more 
critical  from  a  control  system  design  stand¬ 
point  and  that  producing  better  test  correlating 
for  the  202-D  configuration  would  seriously 
affect  correlation  for  configurations  without 
the  LED  tower  such  as  AS-203,  it  was  decided  that 
the  best  compromise  was  to  produce  good  correla¬ 
tion  by  a  single  model  over  all  four  configura¬ 
tions  , 

It  should  also  be  realized  that  such 
things  as  engine  modes,  LM  modes,  shell  modes, 
etc.  will  affect  higher  inodes  and  have  not  been 
accounted  for  in  this  correlation,  It  has  re¬ 
cently  been  determined  that  LM  modes  greatly 
affect  the  2Ck-D  results  around  6  cps  and  that 
the  mode  at  5.8  cps  is  probably  a  LM  mode. 

In  general  good  torsional  frequency  agree¬ 
ment  was  obtained  for  the  limited  test  data 
available.  The  most  significant  differences 
are  noted  in  the  fuel  tangential  modes.  Mode 
shapes  for  these  modes  also  indicated  that  the 
coupling  of  the  fuel  tangential  tank,  to  the 
center  barrel  motion  is  not  correctly  simulated 
in  the  dynamic  model.  The  actual  non-linear 
spring  attachment  of  the  fuel  tank  at  both  ends 
is  ’•easoned  to  cause  this  discrepancy,  since 
the  same  idealization  was  used  on  both  the  fuel 


and  LOX  tanks,  thi  LOX  tanks  producing  good  re¬ 
sults.  Tills  area  was  not  considered  detrimental 
to  control  system  design  since  the  first  fuel 
tangential  mode  from  the  model  has  relatively 
good  frequency  correlation,  with  the  deflection 
at  the  gimha.l  point  helng  larger  than  the  test 
data.  Sloshing  coupling  proved  to  he  insignifi¬ 
cant  for  the  tors i on  modes . 

Fig.  5  shows  a  comparison  of  bending  and 
torsion  mode  shapes  for  AS-207-D  at  liftoff. 

Mode  shape  comparison  is  good  excent  for  some  of 
the  higher  modes  in  the  area  near  the  middle  of 
the  S-IVB  stage.  Fffects  of  discrepancies  in 
the  mode  shapes  will  he  discussed  in  the  next 
section.  These  mode  shape  correlations  are 
typical  of  other  configurations  and  other  flight 
times . 

EVALUATION  OF  FPPOPS  PFLATED  TO  ATTITUDE  CONTROL 
SYSTEM  DESIGN 

The  data  presented  in  the  previous  sections 
represents  a  good  overall  correlation  of  the  ex¬ 
perimental  and  theoretical  results.  Attitude 
control  system  design,  however,  is  greatly  af¬ 
fected  by  errors  in  local  deflections  and  slopes 
at  control  sensor  locations  and  by  overall  ef¬ 
fects  such  as  frequency  and  generalized  mass. 

In  order  to  completely  define  the  difference  in 
the  experimental  and  theoretical  results,  as 
related  to  control  system  design,  a  complete 
stability  analysis  would  have  to  he  made  with 
the  experimental  data.  A  less  sophisticated 
comparison  can  he  made,  however,  by  utilizing 
the  method  given  in  Fef.  (3).  The  departure 
modulus  of  the  root  locus  from  an  open  loop  pole 
(a  pole  situated  in  the  complex  plane  at  the 
coupled  natural  frequency  and  damping  ratio)  is 
given  by 

R  =  1  K(iub)  (1) 

2  Mbwb 

where 

T  ~  gimballed  thrust 
Mp  ~  generalized  mass  of  bending  mode 
u,  —  freauency  of  bending  mode 
Y'(IU)  ~  bending  mode  slope  at  Instrument  Unit 
Y(GP)  ~  bending  mode  deflection  at  gimbal 
point 

Y (i"b)  ~  gain  thru  the  control  system  per  unit 
slope  at  the  Instrument  Unit 


The  form  given  in  Eq.  1  is  applicable  to  the 
Saturn  IB  (neglecting  the  load  relief  control 
accelerometer  which  is  heavily  filtered)  since 
the  position  and  rate  gyros  are  both  located  in 
the  Instrument  Unit.  In  making  a  fair  compari¬ 
son  with  experiment  two  things  must  be  consid¬ 
ered,  the  magnitude  of  R  and  the  difference  in 
P  between  the  test  and  calculated  modes,  For 
purposes  of  this  comparison,  only  modes  with 
P  >  .005 were  considered  important.  Theo¬ 
retically  then,  a  comparison  can  be  made  by 
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TEST  RESULTS 


MODEL  RESULTS 


TEST  RESULTS 


M30EL  RESULTS 


SECOND  BINDING  MXS 


FIRST  FUEL  TANGWTIAL  HDDS 


FIRST  LOX  TANGENTIAL  NODE 
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Fig,  5,  Comparison  of  Test  ar.d  Theoretical  Mode 
Shapes  for  the  SAt207t3  Configuration  at  Liftoff 
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TEST  RESULTS 


MX  EL  RESULTS 


THIRD  BENDING  MODE 


TORSION  FIRST  FUEL  TANGENTIAL  MXK 


FIRST  TORSION  MODE 
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Fig.  5.  Comparison  of  Test  and  Theoretical  Mod'. 
Shapes  for  the  SA-207-D  Configuration  at  Liftoff 
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TEST  RESULTS 


MODEL  RESULTS 


TORSION  FIRST  LOX  TANGENTIAL  MODE 


0  800  1600  2000  0  000  1600  2000 
VEHICLE  STATION  (INCHES)  VEHICLE  STATION  (INCHES) 

Fig.  5.  Comparison  of  Test  and  Theoretical  Mode 
Shapes  for  the  SA-207-D  Configuration  at  Liftoff 


Rt_  Yt.(IU)  Yt(OP)  "bm  «bm  {2) 

Bm  Y^(IU)  Ym(GP )  «bt  «bt 


Several  drawbacks  however  are  inherent  in  Eq.  2. 
First,  the  gimbal  point  deflection  is  usually 
small  and  ill-defined  in  the  test  results. 
Second,  tie  generalised  mass  cannot  be  read  di¬ 
rectly  from  test  results  and  attempts  to  cal¬ 
culate  it  based  on  test  modes  and  mass  distri¬ 
butions  are  rather  poor.  In  order  to  circum¬ 
vent  these  difficulties,  the  following  reason¬ 
ing  was  used.  Assuming  a  second  order  equation 
at  resonance  for  each  mode,  the  generalized  mass 
is  given  t.o  a  good  approximation  by 

Mbt  *  (3) 


where 


Ft  ~  shaker  force 

~  test  damping  ratio 

'^(Xn)  -  test  deflection  acceleration  at  the 
point  on  the  vehicle  where  the 
theoretical  mode  is  normalized 

The  ratio  M^/Y^GP)  can  then  be  determined  by 
well  known  parameters,  the  least  well  known 
being  the  damping  ratio.  Fq.  2  then  becomes 

Ft  s  Yp(lU)  Mpm  ?Xt^t n.l 

Pm  Y'(IU)  «bt  TO  57 
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Table  ?  Rives  values  from  Eq.  1*  for  the  herding 
test  results.  The  same  reasoning  can  be  applied 
to  the  torsion  modes  and  data  is  also  presented 
in  Table  2 ,  It  is  desirable  to  keep  this  ratio 
below  2,0  since  the  control  system  is  designed 
on  a  spread  of  twice  the  nominal  gain,  Several 
modes  show  potential  problems,  the  first  fuel 
radial  mode,  the  first  LOX  tangential  mode,  and 
the  third  bending  mode.  The  discrepancies  in 
all  of  these,  as  shown  in  Fig.  5,  center  around 
the  incorrect  slopes  of  the  Instrument  Unit  lo¬ 
cation.  These  particular  modes  were  re-checked 
using,  test  results  and  found  to  be  adequately 
stabilized  by  the  filters  in  the  control  system. 
The  data  given  in  Table  2  is  subject  to  criti¬ 
cism  as  to  its  absolute  accuracy.  Mode  shape 
slopes  and  damping  ratios  were  rather  hard  to 
obtain  from  the  test  results.  Damping  ratios 
varied  from.  0.7?  to  2.0?  for  different  modes, 
an  average  value  being  1.1*?.  Local  effects  at 
the  sensor  locations  should  also  be  considered 
in  comparing  test  and  evaporation!  ren;l  +  r. 
authors  believe  that  part  of  the  problem  of 
accurately  defining  the  test  mode  shapes  and 
damning  ratios  lies  in  the  fact  that  only  one 
shaker  was  used  in  the  full  scale  test.  This 
is  partly  verified  by  the  fact  that  the  test 
results  from  configuration  to  configuration 
seemed  to  change  much  more  than  corresponding 
changes  with  mass  distribution  in  the  theoreti¬ 
cal  model.  A  system  of  shakers,  possibly  only 
an  additional  one  at  the  spider  beam,  would 


TABLE  2 


CONTROL  SYSTEM  GAIN  RATIOS 
(Liftoff  Configuration! 


Vehicle 

Bending 

‘•'tan 

ydu> 

Mode 

^bt 

ryiuT 

w°p> 

"m 

AS -202 

1st  Bending 

.91 

1.15 

.98 

1.02 

2nd  Bending 

.9* 

.1*6 

.62 

.27 

1st  IX  K  Tang. 

.99 

1.8*. 

.53 

.98 

3rd  Bending 

.96 

2.80 

1.01 

2.73 

AS-203 

1st  Bending 

.96 

.89 

i.ii* 

.97 

1st  Fuel  Rad. 

1.U0 

3.18 

2.12 

6.71* 

1st  LOX  Rad. 

1.01 

1.27 

1.85 

2.35 

2nd  Bending 

.97 

.87 

.69 

.58 

1st  LOX  Tang. 

1.01 

1.86 

.92 

1.72 

3rd  Bending 

.95 

.97 

7.52 

6.90 

AS -207 

1st  Bending 

.95 

1.20 

l.Cf 

1.22 

2nd  Bending 

.97 

1.12 

.70 

.76 

1st  LOX  Tang. 

1.06 

1.89 

3.20 

6.1*1 

3rd  Bei.ding 

l.Of 

1.81 

.1*8 

.9? 

Vehicle 

Torsion 

It(2kt>-t) 

"t 

Mode 

Tt9j»r 

AS-202 

1st  Fuel  Tang. 

1.00 

1.20 

.30 

.37 

1st  Torsion 

1.00 

1.01 

1.39 

1.1*0 

1st  LOX  Tang. 

.83 

1.27 

.93 

l.Ot 

AS-203 

1st  Fuel  Tang. 

1.0 

1.50 

,  >9 

1st  Torsion 

1.01 

.0? 

1  ,?p 

3  .13 

1st  LOX  Tang. 

.90 

1.18 

1.1s 

3.22 

A3-207 

1st  Fuel  Tang. 

1.02 

1.18 

at 

.30 

1st  Torsion 

•  99 

.78 

IM 

1 ,2C 

1st  LOX  Tang. 

•  91 

2.13 

1.20 

probably  have  produced  nucn  better  mode  shape 
d“finitior.  of  the  low  response  tank  modes.  Com¬ 
plete  tank  definition  also  was  not  possible  in 
most  cases  due  to  the  limited  number  of  accel¬ 
erometers  on  the  tanks,  only  two  in  the  center 
portion.  From  5  to  f  acc"it.roiroters  are  needed 
to  accurately  define  higher  modes. 

ADDITIONAL  USEFUL  TESTS 

After  the  results  given  ir  previous  sec¬ 
tions  were  determined  several  other  tests  were 
conducted  for  var’ous  other  reasons  from  which 
other  information  concerning  the  bending  dynamic 
model  could  be  extracted.  Static  and  dynamic 
pull  tests  (l)  were  conducted  on  tbe  AC-?0li/ 

LK-1  (Apollo  5)  vehicle  on  Launch  Complex  37  at 
Cape  Kennedy,  Florida,  These  tests  were  con¬ 
ducted  primarily  to  determine  the  vehicle  canti¬ 
levered  bending  characteristics  while  constrained 
on  the  launch  pad  for  application  to  ground  wind 
’  '  ”•  •.  "  r  the  static  null  test,  a  pull 

ring  was  attached  to  the  top  of  the  spacecraft 
LK  adanter  at  nation  ?033.  Lateral  loads  of 
600,  1500,  3000,  tape,  and  6000  lbs.  were  aprlied 
to  tbe  null  ring,  and  deflections  measured  at 
Station  looli,  iff?,  15I10,  1212,  11R7,  and  962. 

In  the  dynamic  pull  test,  the  vehicle  was  oscil¬ 
lated  until  a  displacement  of  I*  inches  was 
reached  at  the  null  ring  and  then  released  to 
oscillate  freely,  '‘cerlerometers  were  mounted 
at  Station  2033,  15>*0,  1270,  and  of?.  Table  1 
gives  the  results  of  the  frequency  correlation, 
while  Fig.  C  shows  a  least  sauares  curve  fit  of 
the  static  pull  test  deflection  data  normalized 
to  a  unit  Kip  load.  Comparison  of  the  theoreti¬ 
cal  static  defiection  indicates  differences  of 
approximately  0'  at  Station  962  to  8.5?  at 
Station  2033.  The  theoretical  curve  was 


Vehicle  Station  (Inches) 


Fig,  6.  Pull  Test  reflection  Data, 
AF-2C1* 
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calculated  from  the  static  solution  for  a  1000 
It.  Patera!  load  applied  at.  Station  2033,  using 
the  first  12  cantilevered  bending  modes  from 
the  dynamic  model  as  degrees  of  freedom.  Since 
both  the  deflection  curves  and  the  first  canti¬ 
levered  frequencies  were  high,  it  vas  felt  that 
only  a  complete  review  of  the  idealizations 
used  in  the  dynamic  model  could  produce  more 
accurate  results.  Acceptable  correlation  ac¬ 
curacies  were  +5?  in  frequency  and  +10?  in 
deflection  and  since  these  were  achieved,  any 
revision  to  the  dynamic  model  was  'eemed  un¬ 
necessary. 

The  combined  Apollo  command  module-service 
module  configuration  was  also  tested  (5)  for 
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Fig.  7.  Command  Module/Service  Module  Test 
Versus  Theoretical  Deflection  -  Static  Loads 
Test 


static  loads  conditions.  Although  these  tests 
were  made  primarily  for  loads  verification,  de¬ 
flections  were  measured  and  used  to  verify 
stiffness  data  used  in  the  Saturn  IB  bending 
analysis  Fig.  7  shows  a  summary  of  the  result¬ 
ant  loads  applied  to  the  CM/SM  configuration. 

These  lCAds  were  applied  to  a  beam  having  the 
stiffness  properties  used  in  the  dynamic  model. 
Fig.  7  also  compares  the  actual  versus  theo¬ 
retical  deflection.  The  theoretical  results 
show  slightly  more  deflection  outboard  of  the 
CM/SM  interface.  A  slight  change  in  the  CM/SM 
interface  stiffness  resulted  in  the  dashed 
curve.  These  changes  when  applied  to  the  dy¬ 
namic  model  produced  slight  local  mode  shape 
charges  resulting  in  only  3  .o  It?  change  in  the 
gain  the  mode  thru  the  attitude  control 
system. 

CONCLUSIONS 

Full  scale  vibration  tests  conducted  for 
the  Uprated  Saturn  I  vehicle  were  adequately 
correlated  by  theoretical  results.  The  value 
of  performing  vibration  tests  was  demonstrated 
by  pointing  out  weak  areas  and  anamolies  such 
as  the  Command  Module-Service  Module  interface 
and  the  S-IVB  interstage.  The  experimental  re¬ 
sults  also  allowed  adjustments  in  the  idealiza¬ 
tions  und  input  data  of  the  theoretical  modelB 
to  produce  more  accurate  results  for  different 
flight  vehicle  configurations. 

In  testing,  consideration  Bhould  always 
be  given  to  multiple  Bhaker  inputs  to  better 
define  mode  shapes,  tetter  methods  of  deter¬ 
mining  generalized  maBseB  and  damping  ratioB 
are  alBO  needed.  In  addition,  local  differences 
in  mode  shares  must  be  examined  closely  in  areas 
of  control  sensor  location  to  ensure  adequate 
system  stability, 

The  authors  believe  that  the  use  of  the 
modal  approach  to  thiB  type  of  dynamic  problem, 
rather  than  a  complete  direct  stiffness  approach, 
greatly  simplifies  the  understanding  and  comput¬ 
er  implementation  of  large  dynamic  system  models. 
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AN  APPROACH  FOR  DUPLICATING  SPACECRAFT  FLIGHT-INDUCED 
BODY  FORCES  IN  A  LABORATORY 


S.M.  Kaplan  and  A.  J.  Soroka 
General  Electric  Company 
Philadelphia,  Pennsylvania 


This  paper  describes  a  test  approach  capable  of  Imparting  both  internal  and  external 
body  forces  to  a  test  article  that  effectively  duplicate  loadings  expected  in  flight. 

This  encompasses  not  only  Internal  loads  on  primary  structure,  but  also  load  factors 
for  major  mass  items,  equipment,  and  secondary  structure.  This  sinusoidal 
vibration  test  approach,  evolved  from  existing  test  methods,  employs  existing  test 
equipment.  The  test  levels,  established  at  the  Inception  of  a  program,  will  remain 
lnvarlent,  barring  major  redesigns.  This  approach  represents  a  deviation  from 
present  practice,  in  that  it  advocates  the  tailoring  of  the  test  environments  to  the 
specific  spacecraft. 


INTRODUCTION 

The  most  perplexing  of  spacecraft  laboratory 
test  simulation  problems  to  date  has  been  the  repro¬ 
duction  of  the  stresses,  or  loading  fields,  produced 
during  liftoff  and  powered  flight.  This  problem  has 
existed  primarily  because  of  the  Inability  of  laborato¬ 
ry  simulations  to  duplicate  the  launch  vehicle's 
Impedance  and  boundary  conditions.  To  partially 
compensate  for  this,  the  force-notched  sinusoidal 
vibration  test  was  developed^1).  In  this  currently 
employed  technique,  the  spacecraft  is  subjected  to 
specified  acceleration  levels  at  Its  launch  vehicle 
Interface.  Simultaneously,  shaker  inputs  are 
restricted  fn>m  Inducing  bending  moments  or  shear 
forces  in  excess  of  those  anticipated  in  flight.  When 
stresses  induced  ly  flight  loads  are  exceeded,  shaker- 
provided  excitations  are  commensurately  reduced, 
placing  a  "notch"  In  the  specified  test  spectrum. 

The  sinusoidal  test  approach  subjects  the  test 
article  to  body  (acceleration)  forces,  enabling 
adequate  testing  of  systems  with  inaccessible  mass 
items.  Tho  utilization  A  the  "force-notch, "  however, 
has  been  restricted  exclusively  for  the  benefit  of 
primary  structure  at  a  few  discrete  frequencies. 

Test  levels  outside  of  these  bandwldths  remain 
unaffected— they  may,  but  probably  will  not,  Induce 
those  loads  anticipated  in  flight. 

This  paper  is  intended  to  show  how  this  test 
approach  can  be  greatly  enhanced  with  regard  to 
establishing  test  levels  outside  of  these  notched 
regions.  It  is  specifically  addressed  toward  the 


transformation  of  both  vehicle  primary  structure  and 
equipment  internal  loads/load  factors  Induced  by 
critical  flight- loading  conditions  Into  a  test  program 
that  yields  nearly  identical  results  in  the  laboratory. 

Such  approaches  have  been  explored  in  the  past. 
Clevenson  et  al,  (2)  for  example,  derived  means  for 
establishing  test  levels  based  on  flight-measured 
sinusoidal  transients.  However,  their  approach, 
like  the  force-notched  concept,  was  based  upon  tho 
spacecraft  idealized  as  a  one- degree-of -freedom 
oscillator.  Extensions  of  such  approaches  are 
desirable  which  reflect  the  effects  of  stimuli  at 
higher  structural  system  resonances  (where  major 
mass  items  and  equipment/secondary  structure 
peak  responses  occur).  Spacecraft  systems  are 
complex,  multldegree-of-freedom  structures. 

Their  unique  vibration  characteristics  must  be 
reflected  in  the  synthesis  of  test  environments. 

TEST  PROGRAM  REQUIREMENTS 

The  basic  objective  of  any  test  program  must  be 
to  verify  the  structural  integrity  of  the  system. 

This  essentially  means  that  the  test  must; 

a.  Induce  within  the  primary  vehicular 
structure,  those  peak  (quasi-steady) 
Internal  loads  (shear  forces,  bending 
moments  and  axial  loads)  expected  In  flight, 
multiplied  by  the  appropriate  factor  of 
safety. 


b.  Subject  primary  mass  Items  (e.  g. ,  pro¬ 
pulsion  subsystem)  to  those  peak  quasi- 
steady  acceleration  load  factors  expected  in 
fllgnt,  multiplied  by  the  appropriate  factor 
ol'  safety. 

c.  Impose  upon  spacecraft  equipment  ("black 
boxes")  those  peak  expected  acceleration 
load  factors  expected  in  flight,  multiplied  by 
the  appropriate  factor  of  safety. 

d.  Simultaneously,  exert  the  minimum  possible 
Influence  upon  spacecraft  design. 

Of  these,  the  loads  data  cited  In  items  (a)  and  (b)  Is 
obtainable  from  combined  spacecraft- launch  vehicle 
loads  analyses  (or,  in  the  design  synthesis  stage, 
from  sources  such  as  Reference  1).  Equipment 
design  load  factors  can  be  synthesized  from  (vibro- 
acoustlc)  flight  measurements  data  involving  instru¬ 
mentation  located  In  the  vicinity  of  spacecraft 
equipment  cn  previous  flights.  Thus,  the  necessary 
data  is  available  to  synthesize  sets  of  equivalent 
static  design  loads. 

The  critical  Item  then  (and  the  motivation  behind 
this  Investigation)  is  the  minimization  of  the  test's 
Influence  upon  spacecraft  design.  Past  practices 
have  generally  resulted  In  the  test  levels  providing 
the  critical  loading  conditions  and  consequently, 
significantly  Influencing  design^’ 

In  essence,  what  is  required  then  is  a  complete 
marriage  between  the  three  cornerstones  involved  in 
the  design-test  triangle  (Figure  1):  (a)  the  flight- 
expected  loads  (multiplied  by  the  appropriate  factor 
of  safety);  (b)  the  spacecraft's  unique  vibration 
characteristics  (mode  shapes,  frequencies  and 
resulting  vibration  transmisslblllty  spectra);  and  (c) 
the  environmental  test  levels.  These  flight 
environments  (or  load  factors),  which  In  turn  can  be 
quite  readily  transformed  into  Internal  loads,  are 
readily  known  quantities. 

The  spacecraft  vibration  characteristics  indeed 
represent  a  given  vehicular  configuration's 
"structural  fingerprints.  "  Each  given  generic  design 
or  vehicle  family,  contains  similar  modes  of 
vibration,  within  each  of  which,  unique  and  different 
phenomena  occur.  Certain  modes,  for  example, 
reflect  total  structural  system  resonances,  e.  g. , 
*%ody  bending"  modes,  while  in  ethers,  the  response 
of  primary  major  mass  items  or  equipment  (on  its 
brackets)  predominates.  Phenomena  Involving  such 
"structural  fingerprints"  have  been  demonstrated  both 
analytically  and  experimentally  on  the  ATS  space¬ 
craft^,  and  on  Nimbus  for  example.  This  merely 
represents  vestiges  of  the  law  of  dynamic  similitude, 
namely,  that  dynamically  similar  systems  respond  in 
similar  manners  under  dynamic  excitation.  Addi¬ 
tional  substantiation  and  comments  regarding  this 


are  provided  In  subsequent  sections. 

With  the  critical  flight  loads  dictated  by  launch 
vehicle  selection,  and  vibration  characteristics  being 
unique  characteristics  of  a  given  design,  It  then 
remains  the  function  of  the  environmental  test  levels 
to  form  the  basis  from  which  the  design-test 
triangle  (Figure  1)  is  formulated. 

TEST  APPROACH 

Spacecraft  sinusoidal  vibration  test  levels  In  the 
proposed  test  approach  are  established  from:  (a) 
spacecraft  primary  structure  loadings  established 
from  combined  spacecraft-launch  vehicle  flight  loads 
analyses,  (b)  equipment/secondary  structure  load 
factors  expected  in  flight,  and  (c)  a  set  of  spacecraft 
mode  shapes  and  frequencies  for  a  specific  space¬ 
craft  supported  at  its  launch  vehicle  interface'statlon. 
Test  inputs  to  the  spacecraft  are  adjusted  at  various 
frequency  bands  to  enable  the  achievement  of  flight- 
anticipated  load  factors  and  internal  loads.  Such  an 
approach  overcomes  the  previously  cited  limitations 
of  both  the  current  force-notched  test  approach^ 
and  the  method  of  Cievenson  et  al^  (and  Is  a  direct 
and  major  evolution  from  both  approaches).  This 
test  approach  advocates  one  major  change  in  space¬ 
craft  environmental  test  stipulations— that  test 
levels  be  tailored  to  the  vibration  characteristics  of 
one  specific  spacecraft.  Current  practice  specifies 
one  test  level  for  all  spacecraft  employing  a  specific 
booster^1).  The  concepts  presented  herein  are 
based  on  the  actual  behavior  of  spacecraft  systems 
as  complex,  multidegree-of-freedom  structures.  As 
such,  these  concepts  permit  a  more  realistic  and 
representative  simulation. of  flight-anticipated  loads 
than  do  current  techniques. 

The  conventional  sinusoidal  vibration  test  at  low 
sweep  ratos  (e,  g. ,  4  octaves/minute)  has  been 
employed  as  the  test  technique  for  several  reasons. 
This  traditional  method,  employed  on  virtually  all 
programs,  uses  existing  test  equipment;  as  such,  it 
is  roadlly  implemented.  This  would  allow  for 
amenable  transitions  to  the  test  approach  advocated 
herein  on  existing  and  future  spacecraft  programs. 

In  developing  this  approach,  attention  was 
concentrated  on  providing  satisfactory  answers  for 
questions  regarding: 

a.  How  vibration  test  levels  are  explicitly 
derived  for  a  new  vehicular  configuration 
early  In  the  program, 

b.  How  sensitive  these  vibratlCP  levels  are  to 
subsequent  design  changes  and  variations  in 
subsystems  stiffness  and  mass  content  (and 
also,  possible  errors  in  dynamic  analyses). 
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c.  How  damping  variations  can  be  taken  into 
account,  and  what  procedures  should  be 
employed  for  their  inclusion  into  specifica¬ 
tions. 

Answers  are  best  provided  through  illustrative  analy¬ 
ses  involving  a  typical  proposed  spacecraft. 

ILLUSTRATIVE  EXAMPLE 

Spacecraft  System 

To  Illustrate  the  validity  and  applicability  of  this 
approach,  a  proposed  interplanetary  spacecraft 
design  (Figure  2)  has  been  subjected  to  dynamic  test 
simulation  analyses.  This  proposed  20,  000-pound 
spacecraft  system  features  a  5000-pound  capsule/ 
lander  (for  planetary  entry),  11,500  pounds  of  liquid 
propulsion  tankage,  the  LEMDE  engine,  an 
electronics  module,  a  10-foot  diameter  antenna  and  a 
planet  scan  platform.  Proposed  to  be  launched  by  a 
Saturn  V,  its  "over-the-nose"  separation  require¬ 
ments  dictate  the  placement  of  its  separation  plane  in 
close  proximity  to  the  system  center  of  gravity. 

This  proposed  spacecraft  will  be  subjected  to  a 
lateral  sinusoidal  vibration  test,  the  levels  of  which  >/ 
we  will  first  seek  to  establish.  At  one  time  or 
another  during  this  test,  the  system,  its  subsystems 
and  equipments  must  be  exposed  to  the  following  flight 
limit  loads;  (a)  ?g for  major  mass  items  (e.  g. , 
capsule,  tanks)  and  primary  structure;  (b)  lOgfor 
equipment  and  secondary  structure  (e.  g. ,  LEMDE 
electronics)  and  (c)  a  peak  bending  moment  of  778,  000 
inch-pounds  at  its  separation  place.  In  addition  to 
these  flight-expected  loads,  a  minimum  allowable 
spacecraft  frequency  criterion  of  7  Hz  is  imposed. 

In  conjunction  with  these  Saturn  V  flight-expected 
loads,  an  adequately  detailed  set  of  spacecraft 
vibration  characteristics  were  used  to  establish 
fateral  test  requirements.  This  data  was  determined 
by  analytical  procedures  already  demonstrated  to  be 
capable  of  highly  accurate  predictions^).  Full 
particulars  are  given  in  the  Appendix,  with  regard  to 
the  synthesis  cf  these  vibration  characterl sties. 
Vibration  transmisslbility  spectra  were  obtained 
from  these  mode  shapes  for  this  vehicle,  clamped  to 
the  test  fixture  at  its  spacecraft  separation  plane, 
and  subjected  to  lateral  stimuli  at  that  locus.  A 
modal  damping  ratio  of  5  percent  of  the  critical  va’  je 
was  assumed. 

With  both  the  response  retirements  and 
transmlsslbllltles  known,  the  text  Inputs  at  each 
frequency  were  established  on  the  basis  of  a  "best 
data  fit. "  The  following  lateral  test  spectrum  was 
obtained] 


Frequency 

Band 

(cps) 

Test  Level 
(g;  0  to  peak) 

1-10 

+0.18 

10  -  25 

+0.50 

25  -  100 

+0.75 

The  analytical  results  summarized  in  Table  1 
show  how  well  this  test  spectrum  enables  the  test 
objectives  to  be  met.  It  also  iblicates  the 
frequencies  where  each  maximum  test-induced 
loading  was  achieved.  It  is  noted  that  the  peak 
separation  plane  bending  moment,  and  maximum 
tank  assembly  load  factor,  occur  at  the  principal 
vehicle  resonance  (8.  5  Hz).  The  peak  LEMDE 
engine  loadings  are  experienced  at  10.  5  Hz,  and 
the  maximum  capsule/lander  load  factors  occurs  at 
20  Hz.  The  electronics  and  the  planet  scan  platform 
peak  loads  take  place  at  still  another  resonance 
(31. 5  Hz).  Response-frequency  spectra  for  these 
items  are  also  given  herein  for  the  separation  plane 
bending  moment  (Figure  3),  capsule/lander  (Figure 
4),  tank  assembly  capsule/lander  (Figure  4),  tank 
assembly  (Figure  5),  electronics  (Figure  6)  and 
LEMDE  motor  case  (Figure  7). 

Table  1  and  Figures  3  to  7  are  felt  to  clearly 
demonstrate  how  well  test  objectives  can  be  attained 
by  employing  test  levels  tailored  to  the  requirements 
of  a  specific  spacecraft. 

The  upper  test  limit  has  been  established 
conservatively  at  100  Hz.  This  is  based  on  the 
presence  of  a  significant  range  of  low  transmlsslbll- 
itles  extending  above  60  Hz.  Similar  low  trans¬ 
misslbility  ranges  separating  principal  structural 
resonances  from  higher  frequency  phenomena  have 
been  likewise  observed  (both  analytically  and 
experimentally)  in  other  spacecraft  configurations'  . 

Parametric  Analyses 

Parametric  dynamic  test  analyses  were  per¬ 
formed  on  this  spacecraft  to  assess  the  sensitivity  of 
the  previously  derived  test  levels,  to  possible  or 
anticipated  changes  in  spacecraft  design.  Stiffness/ 
frequency  characteristics  were  parametrically 
varied  on  three  items  considered  most  susceptible 
to  such  variations  (capeule/lander,  ts.rk  support 
structure,  and  LEMDE  attachment  plane  support 
structure).  Full  particulars  regarding  these 
variations  are  given  in  the  Appendix. 

The  peak  test-induced  responses  experienced  by 
various  items  on  the  spacecraft  are  given  in  Figure 
8,  as  functions  of  the  lander  lateral  frequency. 
Similar  data  is  given  in  Figures  9  and  10,  reflecting 
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Fig.  1  -  Design-test  triangle 
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Fig.  2.  -  Analytical  model  of  proposed  Interplanetary  spacecraft 
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Fig.  3  -  Bending  moment  at  spacecraft  separation 
plane  during  lateral  test  of  baseline  design 


Fig.  4  -  Capsule/lander  response  during  lateral  test 
of  oaseline  design 


Fig.  5  -  Tank  assembly  response  during  lateral  test  Fig.  6  -  Electronics  response  during  lateral  test  of 

of  baseline  design  baseline  design 
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Fig.  7  -  LEMOE  motor  response  during  lateral  test 
of  baseline  design 


Fig.  8  -  Variation  of  test- Induced  maximum  lateral 
load  factors  with  lander  lateral  frequency 


TABLE  1 

Results  of  Analytical  Simulation  of  Lateral  Vibration  Test 


TeBt  Simulation  Results 

Location 

Load 

Maximum  Test 

Load 

Frequency  Where  Achieved 

During  Test 

Capsule/Lander 

2  g 

2.2  g 

20. 0  Hz 

Tank  Assembly 

2g 

1.8  g 

*• 

8.5  H t 

Electronics 

10  g 

9.8  g 

31.5  Hz 

LEMDE  Engine 
Case* 

10  g 

10.0  g 

10.5  Hz 

LEMDE  Engine 
Nozzle* 

10  g 

17.0  g 

10.5  Hz 

Planet  Scan 

Platform 

10  g 

11.4  g 

31. 5  Hz 

Bending  Moment 
at  Spacecraft 
Separation 

Plane 

778,000  In. -lb. 

778,000  in. -lb 

8.5  Hz** 

*LEMDE  engine  'f“r-  *ty  level  la  25g  (as  per  data  fumlahed  by  lta  manufacturer) 
“Principal  lateral  r~-.  -p.Tice 
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Fig.  9  -  Variation  of  test-induced  maximum  lateral 
load  factors  with  LEMOE  attachments  lateral 
frequency 


Fig.  10  -  Variation  of  test-induced  maximum  lateral 
load  factors  with  tank  assembly  lateral  frequency 


variations  in  the  frequencies  of  the  LEMDE  attach¬ 
ments  (support  structure)  and  tank  assembly  support 
structure,  respectively. 

As  evidenced  by  Figure  8,  extreme  variations  In 
capsule/lander  frequency  produce  no  appreciable 
loading  variations.  In  contrast  (Figure  9),  variations 
in  LEMDE  engine  attachment  frequencies  produce 
significant  reductions  In  LEMDE  loadings  (above  12 
Hz)  and  increases  In  tank  assembly  loads  at  LEMDE 
frequencies  less  than  11  Hz.  (Above  11  Hz,  changes 
In  the  LEMDE  attachment  frequencies  cause  no 
appreciable  variations  In  tank  loads,  until  an  18  Hz 
frequency  is  attained.  The  probability  of  attaining 
18  cps  with  this  spacecraft  configuration  is  remote, 
however,  by  virtue  of  the  associated  weight  penalty.) 
Hence,  adequate  simulation  of  the  flight- induced 
stresses  can  indeed  be  maintained  by  LEMDE 
attachments  at  or  slightly  above  the  recommended 
minimum  frequency  of  12  Hz. 

Variations  in  tank  assembly  lateral  frequency 
create  significant  variations  in  loadings  throughout 
the  vehicle  (Figure  10).  This  might  well  be  expected, 
since  this  assembly  contains  more  than  half  of  the 
planetary  vehicle  weight.  Relatively  stabilized 
peak  loadings  (within  +25%)  are  attained  for  tank 
assembly  frequencies  at  or  in  excess  of  10  cps.  (A 
slightly  lower  tank  assembly  frequency  value,  7. 2  Hz, 
would  create  a  lateral  frequency  below  the  minimum 
allowable  planetary  vehicle  value.  The  weight 
penalties  associated  with  tank  assemblies  having 
frequencies  much  above  the  recommended  10  Hz 
Minimum  value  would  preclude  the  emergence  of 
such  an  occurrence  in  practice.  Thus,  significant 
variations  in  the  peak  responses  Induced  by  the 
previously  established  test  levels  take  place  only 
when  the  design  exhibits  excessive  and  inefficient 
expenditures  of  structural  weight  within  its  sub¬ 
systems.  It  may  therefore  be  taken  that  the  test 
environments  postulated  at  the  inception  of  a  program 
will  remain  invarlent,  provided:  (a)  the  basic  vehicle 
configuration  remains  unchanged,  and  (b)  the  design 
does  not  become  unwleldly  (l.  e. ,  significant  over- 
design  of  subsystems).  In  cases  where  the  latter 
condition  is  manifest,  the  design  of  the  subsystem  in 
question  and  posslb'y  the  total  vehicle,  would  become 
subject  to  extensive  review.  In  such  an  event,  the 
need  to  revise  test  levels  would  manifest  itself  as  one 
possible  symptom  of  the  existence  of  an  unwleldly 
design. 

DAMPING  CONSIDERATIONS 

The  validity  of  the  damping  ratios  Involved  In 
establishing  test  levels  are  questionable,  when 
confronted  with  a  completely  new  and  different 
vehicular  configuration,  1.  e. ,  one  with  no  generic 
predecessors.  Still,  this  should  not  prove  to  be  an 
Insurmountable  problem. 


To  circumvent  this  problem,  the  damping  factor 
(0  originally  employed  to  establish  these  test  levels 
should  be  identified.  The  test  specifications  would 
likewise  state  that  these  levels  (A)  would  be  scaled 
up  or  down  according  to  the  relationship: 

L  A(f)]  Test  Actuals  _  (C )  Used  in  Predictions 

[A(f)J  Predicted  Levels  (C)  Measured  in  Test 

This  scaling  \vould,  of  course,  be  done  subject  to 
cont  acting  agency  review  and  approval. 

The  test  values  of  damping  input  levels  would  be 
established  on  the  basis  of  low-level  sweeps  Involving 
spacecraft  test  models  employing  a  flight-quality 
structure  subsystem.  In  conjunction  with  this,  a 
peak  selection  network  would  be  employed  for  these 
low-level  sweeps  to  preclude  over-testing. 

(Selected  spacecraft-mounted  strain  gages  and 
accelerometers  with  preset  peak  settings  are  used 
within  this  peak  selection  network  to  accomplish  this.) 

CONCLUSIONS 

A  test  approach  has  been  derived  that  is  capable 
of  imparting  body  forces  to  a  test  article  that 
effectively  duplicate  loadings  expected  in  flight. 

Thin  encompasses  not  only  internal  loads  on  primary 
structure,  but  also  load  factors  for  major  mass 
items,  equipment,  and  secondary  structure.  This 
procedure,  evolved  from  existing  test  methods, 
employs  existing  test  equipment.  The  test  levels, 
established  at  the  inception  of  a  program,  will 
remain  invarient,  barring  major  redesigns.  This 
approach  represents  a  deviation  from  present 
practice,  In  that  it  advocates  the  tailoring  of  the  test 
environments  to  the  specific  spacecraft. 

APPENDIX 

ANALYSES  INVOLVING 
ILLUSTRATIVE  EXAMPLE 

IDEALIZED  MASS  STATIONS 

The  proposed  interplanetary  spacecraft  has  been 
idealized  by  a  17  (lumped)  mass  station  physical 
model.  These  mass  stations  are  defined  in  Figure  2 
and  in  Table  2  together  with  the  Inertial  and 
geometrical  descriptions  of  these  mass  stations. 

Eight  (stations  2  to  7,  16.  17)  represent  structural 
stations,  and  three  (stations  9  to  11)  represent  the 
LEMDE  engine.  The  other  six  stations  each 
represent  the  lander  center  of  gravity  (station  1), 
tank  module  (station  12),  bay  electronics  (station  15), 
high-gain  antenna  (station  14),  planet  scan  platform 
(station  13)  and  aft-solar  panel  (station  8). 

To  facilitate  analyses,  the  mass  properties  of 
non-primary  structural  components  were  idealized  as 
being  constituents  of  (i.  e. ,  lumped  Into)  equivalent 
toroidal  masses.  This  was  accomplished  by  defining 
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Individual  units  in  terms  of  their  location  on  the 
spacecraft  proper,  i.e.,  the  component  mass 
properties  were  allocated  to  various  mass  stations 
such  as  the  lander,  tank  assembly,  bay  electronics, 
high-gain  antenna  or  planet  scan  platform. 

This  analyses  assumed  that  there  was  no  lateral- 
longitudinal-torsional  vibration  coupling,  i.  e,  that 
the  axis  of  shear  centers  coincided  with  the  vehicular 
centerline  throughout,  and  that  likewise,  the  mass 
of  the  vehicle  at  any  planetary  vehicle  station  had  its 
center  of  gravity  on  the  vehicular  centerline. 
Consequently,  separate  analytical  models  were 
established  for  the  lateral  and  longitudinal  vibration 
cases;  only  the  former  will  be  discussed  herein, 

GENERALIZED  COORDINATES 

Thirty-three  (33)  lateral  coordinates  of  motion 
(degrees  of  freedom)  were  selected.  These  include 
both  translational  and  rotational  motions,  and 
incorporate  the  effects  of  rotational  discontinuities 
across  the  structural  joints.  These  are  described  in 
Table  3  and  illustrated  in  Figure  2, 

STRUCTURAL  STIFFNESS 

The  elasticity  of  the  primary  vehicular  structure 
was  taken  into  account  in  a  gross  sense.  This 
structural  idealization  is  illustrated  schematically 
together  with  appropriate  coordinates  of  motion  in 
Figure  2  for  the  lateral  case.  In  synthesizing  these 
stiffness  distributions,  the  analytical  modeling 
techniques  employed  are  those  described  in  References 
3  and  5  for  systems  without  inherent  dynamical  inter¬ 
actions  between  principal  structural  resonances  (i.  e. , 
'■body  bending"  modes)  and  other  ruotural 
resonances  (i.  e. ,  breathing  modes  or  truss  element 
modes).  This  idealization,  in  assuming  effective 
rigid  rings  at  the  extiemitles  of  the  individual 
structural  elements,  is  consistent  with  the  centerline 
coordinate  system  described  in  Figure  2. 

Essentially,  the  basic  structure  can  be  described 
as  consisting  of  a  truss/adapter  module  connected  in 
series  to  the  electronics  module  (thrust  tube)  at 
mass  station  5.  The  adapter  module  consists  of  a 
conical  "w"  space  truss  assembly  and  semimonocoque 
shell  inter-connected  in  series  (at  their  largest  radii) 
at  mass  station  17,  the  separation  plane.  The  other 
extremities  of  this  assembly  are  connected  in  parallel 
to  an  Inverted  semimonocoque  conical  shell,  at  mass 
stations  2  and  4.  The  thrust  tube  is  a  semimonocoque 
shell  onto  the  aft-end  of  which,  a  shell  (a  circular 
honeycomb  plate  mounting  additional  solar  cells)  is 
attached.  The  other  extremity  of  this  shell  is 
described  by  mass  station  7.  Stiffness  distributions 
for  each  structural  element  in  this  module  were 
described  implicitly,  i.e,,  in  terms  of  their  physical 
and  geometrical  properties. 


The  effects  of  the  structural  joints  at  mass 
stations  3,  4,  5,  7,  16  and  17  have  been  taken  into 
account  using  techniques  described  by  Alley  and 
Ledbetter  (Reference  6). 

The  LEMDE  engine  nozzle  and  thrust  chamber 
were  idealized  as  equivalent  toroidal  masses  each 
cantilevered  off  the  LEMDE  attachment  plane  also 
a  toroidal  mass.  Stiffness  coefficients  for  these 
idealized  springs  were  established  from  the  pro¬ 
pulsion  manufacturer-furnished  motor  mass 
properties  and  motor-proper  vibration  characteris¬ 
tics.  The  frequencies  of  the  motor  nozzle,  thrust 
chamber,  and  attachments  are  70  Hz,  70  Hz  and  12 
Hz,  respectively. 

The  LEMDE  engine  toroidal  mass  idealization  is 
cantilevered  from  the  tank  support  module  (mass 
station  12)  by  the  engine  support  structure.  This 
tank  module  was  also  treated  as  an  equivalent 
toroidal  mass  attached  to  the  primary  structure  at 
mass  stations  3  and  4.  The  10  Hz  tran.-\itlonal  and 
15  Hz  rotational  frequencies  representing  the  tank 
support  module  vibration  characteristics  .vere  based 
on  separate  dynamic  analyses  of  the  tank  support 
structure  (attached  to  a  "rigidized"  vehicle)^7). 

Similar  representations  were  employed  for  the 
(70  Hz)  capsule/lander,  the  electronics  (60  Hz), 
high-gain  antenna  (20  Hz),  and  planet  scan  platform 
(35  Hz).  While  the  capsule/lander  frequency  was 
assumed,  the  other  values  cited  herein  were  based 
on  separate  dynamic  analyses  of  the  individual 
items(7). 

DYNAMIC  ANALYSIS 

The  analytical  model  was  used  to  establish 
spacecraft  dynamic  characteristics  and  test 
simulations  with  the  aid  of  standard  GE  digital 
computer  routines.  For  these  investigations,  the 
analytical  model  was  taken  as  clamped  at  its  launch 
vehicle  (shroud)  attachment  plane,  i.e.,  spacecraft 
separation  plane  in  Figure  2. 

The  nominal  +ig  lateral  sinusoidal  excitation 
was  provided  to  the  system  throughout  the  0  to  100 
Hz  frequency  spectrum.  A  nominal  value  of  5 
percent  (of  critical)  modal  damping  was  assumed. 

PARAMETRIC  ANALYSES 

Employing  the  spacecraft  system  described 
above  as  the  base  line,  parametric  dynamic  test 
simulation  analyses  were  undertaken.  These 
computer-aided  investigations  involved  altering  the 
stiffness/frequency  characteristics  of  1  no  .vidua  1 
items  in  the  spacecraft,  to  assess  the  effects  of 
these  changes  on  system  test  results.  The  matrix 
of  cases  (computer  runs)  involved  in  this  parametric 
analysis  is  summarized  by  Table  4. 
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TABLE  2 

Analytical  Model  Mass  Station  Description 


Mua 

Station 

Description 

Weight 

(1M 

Location 

On.) 

t 

Capsule  lander  eg 

5000 

-50.00 

2 

Capsule-bus  taps  rati  cm  plane 

i6.’> 

0 

3 

Conical  shell -1  onward  support  tmaa  interface 

161 

0 

4 

Conical  ahell-aft  aupport  truss  Interface 

3h9 

75. 00 

5 

Conical  shell-throat  tube  interface 

,'IKH 

7  5.  00 

fi 

Thru  at  tube 

Hfi 

H4.  00 

7 

Throat  tube-ahelf  interface 

1% 

H7.  50 

N 

Aft  tmUr  pane) 

t.tt! 

h7.  no 

ft 

Motor  attachment  plane 

207 

79.  50 

10 

footer  caee  eg 

207 

66.  00 

il 

Motor  nozzle  eg 

t()4 

122.  50 

12 

Tank  module 

ttiott 

1)7.50 

i;i 

Planetary  a  tanner 

162 

47.50 

14 

High  gain  antenna 

Hi 

«h.  75 

13 

Electronics  module 

790 

100.75 

1G 

Forward  aupport  truna-aepa  ration  plane  Interlace 

1,2 

20.  00 

17 

Alt  support  t  run  ft- separation  plane  Interface 

172 

20.  011 

TABLE  3 

Lateral  Analytic  Model  Coordinate  Description 


Coordinate  Numbers  (Degrees  <4  Freedom) 

Man 

l-atrri  \ 

Lateral  Hotatlnn  (Ax,  fly) 

Station 

Tranalatlon  (x.yi 

At  Maaa  Station 

Forward  of  Station 

Aft  of  Station 

1 

is 

t» 

7 

i 

2 

3 

1 

2 

f 

4 

X 

9 

10 

5 

X 

10 

n 

•i 

12 

t3 

7 

14 

15 

Hi 

X 

14 

t7 

9 

24 

25 

10 

2fi 

27 

u 

2H 

29 

is 

30 

21 

30 

31 

It 

:u 

33 

to 

1 

r, 

K 

4 

« 

7 

TABLE  4 

Scope  of  Parametric  Dynamic  Analysis 


Case/Computer  Run  Designation 

_ 1 

Frequency 

Frequency  Variations  in  Parametric  Study 

Item 

(Hz)  of  Item 
in  Baseline 
Design 

Lander  Frequency 
Variations  (Hz) 

Tank  System  Frequency 
Variations  (Hz) 

LEMDE  Attachments 
Plane  Frequency 
Variations  (Hz) 

Lander 

70 

20; 40; 60;  80 

70 

70 

Tank  System 

10/15* 

10/15 

6/10;10/15;14/19;18/23; 
20/25  ;25/30;30/35;35/40 

10/15 

LEMDE  Attach  Plane 

12 

12 

12 

9,15,20 

LEMDE  Motor  Case 

70 

70 

70 

70 

LEMDE  Nozzle 

70 

70 

70 

70 

Electronics 

60/75 

60/75 

60/75 

60/75 

Planet  Scanner 

35/40 

35/40 

35/40 

35/40 

High  Gain  Antenna 

20/25 

20/25 

20/25 

20/25 

*X/Y  Designates^  Hz  Translational  Resonance,  V  Hz  Rotational  Resonance 
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FLEXURE  Gl IDES  FOR  VIBRATION  TESTING 


Alexander  Yorgiadis,  Stanley  Barrett 

North  American  Rockwell  Corporation 
Downey,  California 


Vibration  testing  often  involves  components  and  fixtures  which  are 
relatively  large  and  heavy  compared  with  the  moving  assembly  of  the 
vibration  exciter.  In  such  cases  the  fixture  should  have  external 
guides,  both  for  reducing  cross-axis  vibrations  and  fur  protection 
of  the  exciter  mechanism  from  damage. 

Many  types  of  guides  are  used  for  this  purpose;  namely,  slip  tables, 
hydrostatic  bearings,  roller  guides,  and  various  flexure  devices. 

This  paper  is  limited  to  the  study  of  the  flexure  system  known  as 
the  "parallel  movement," 

Flexure  guides  are  described  and  their  mechanical  characteristics 
..re  expressed  in  terms  of  the  significant  dimensions  and  the  material 
properties.  Mathematical  relationships  are  derived  for  the  six 
natural  frequencies  of  the  vibration  system  consisting  of  a  series 
of  parallel  flat-plate  flexures,  and  a  fixture- specimen  assembly. 

The  paper  develops  the  basic  theory  of  flexure  design  and  discusses 
the  parameters  which  the  designer  must  consider.  Typical  situations 
in  which  such  flexure  systems  have  been  used  are  described.  Formulas 
are  presented  for  bending  stresses,  arc  depth,  and  natural  frequencies 
in  terms  of  flexure  plate  dimensions,  and  properties  of  the  fixture- 
specimen  assembly.  Design  charts  are  provided  to  facilitate  rapid 
selection  of  flexure  dimensions  for  practical  applications. 


INTRODUCTION 

Commercial  vibration  exciters  are  built 
with  internal  guides  which  are  designed  to  pro¬ 
duce  linear  vibration  of  the  moving  coil 
assembly.  The  most  common  such  guides  are 
flexures  of  various  types  and  designs,  but 
linear  bearings,  rollers,  and  other  guiding 
devices  are  also  used.  Small  and  light  test 
items  can  usually  be  supported  and  guided  by 
attaching  these  directly  to  the  vibration  table 
of  the  exciter. 

With  larger  test  items  and  associated 
vibration  fixtures,  the  guiding  capacity 
within  the  exciter  becomes  inadequate,  particu¬ 
larly  for  tests  covering  typical  wide  frequency 
spectra  from  S  Hz  to  2000  Hz.  The  situation  is 
aggravated  when  the  specimen  or  the  fixture  are 
unsymmetrical  relative  to  the  axis  of  vibration 
In  such  cases,  it  becomes  necessary  to  provide 
external  guides  to  keep  the  test  item  vibrating 
in  the  desired  axis  with  a  minimum  of  cross 
motion. 


Several  types  of  guides  are  avail'd? i«  for 
this  purpose,  including  slip  tables,  hy-izo- 
static  bearings  with  one  or  two  degrees  of 
freedom,  roller  guides,  and  various  flexure 
devices.  Each  guide  system  has  advantages, 
disadvantages  and  limitations,  and  the  most 
suitable  guide  for  a  given  situation  depends 
upon  the  specific  test  requirements  and  test 
conditions.  This  study  is  limited  to  on"  type 
of  flexure  system,  '^metimes  known  as 
"parallel  movement." 

FLEXURE  DEVICES 

The  idea  of  supporting  moving  parts  on 
thin  strips  of  metal  or  other  elcstic  material 
is  by  no  means  new.  Flexures  were  used  in 
commercial  testing  machines  built  as  far  back 
as  1897(1,2],  possibly  earlier.  It  was  signifi¬ 
cant  to  the  users  that  those  elastic  components 
were  essentially  free  of  hysteresis  friction 
wear  and  lost  motion  which  occur  in  other 
devices,  hence  had  distinct  advantages. 
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Analyses  and  design  charts  for  flexure 
devices  for  various  purposes  have  been  pub¬ 
lished  by  Eastman[2]  and  Thorp[5],  among  others. 
Geary[4]  prepared  a  comprehensive  biographical 
survey  on  the  subject,  and  discussed  numerous 
flexure  configurations,  including  the  "parallel 
movement"  flexure  system  which  is  of  particular 
importance  for  vibration  tests. 

In  principle,  the  ideal  function  ->f  such 
flexure  guides  is  to  permit  motion  in  one 
linear  direction,  while  preventing  all  other 
linear  and  rotary  motions.  The  actual  system 
is  constructed  by  attaching  a  set  of  parallel, 
thin  flexures  between  a  moving  element,  and  a 
stable,  stationary  base.  The  flexures  are 
oriented  in  a  plane  normal  to  the  desired 
direction  of  motion.  Displacement  in  the  test 
direction  is  lightly  restrained  since  such 
motion  subjects  the  flexures  to  bending  of  the 
thin  material.  Design  of  the  flexures  requires 
that  the  bending  strains  be  within  the  limits 
permissible  for  the  selected  flexure  material 
to  avoid  fatigue  failure  during  service.  Dis¬ 
placements  in  any  other  direction  or  mode  are 
severely  restrained  since  such  motions  induce 
axial  or  shear  strains  in  the  flexure  Itself, 
which  require  considerably  larger  forces  and 
moments  than  needed  for  the  bending  strains, 

Application  of  flexures  to  vibration 
testing  requires  consideration  of  both  usual 
flexure  design  problems  as  well  as  some  new 
problems.  The  vibrating  assembly  together  with 
the  flexure  guides  constitute  a  spring-mass 
system  which  has  many  resoi.snt  frequencies  in 
various  modes.  Some  of  these  frequencies  are 
likely  to  be  within  the  test  spectrur  Even 
though  most  of  these  resonant  modes  do  not  have 
components  in  the  directi  m  of  excitation,  the 
resulting  responses  can  be  quite  severe  because 
of  the  resonance  amplification  factor  "Q"  of 
the  elastic  flexures.  The  two  commonly  used 
approaches  are:  (1)  to  raise  the  natural 
frequencies  of  the  flexure-fixture  system  by 
increasing  flexure  stiffnesses  and/or  reducing 
the  mass  of  the  fixture,  since  the  damage- 
causing  tendency  of  such  extraneous  resonances 
tends  to  diminish  with  increasing  frequency; 

(2)  to  introduce  additional  damping  in  the 
flexure  system,  thus  reducing  the  amplification 
"Q"  and  the  cross-motior.  response. 

Development  of  suitable  flexure  guide 
systems  for  vibration  tests  requires  both 
analytical  and  experimental  effort.  In 
instances  where  frequencies  of  test  are  up  t: 
2000  Hz,  neither  the  vibration  fixture  nor  the 
stable  base  can  be  considered  as  ideal  masses, 
and  it  is  difficult  to  define  and  analyze  the 
mathematical  model  representing  the  total 
assembly.  At  frequencies  below  the  "resonant" 
or  "natural"  frequencies  of  the  system,  the 
flexures  will  usually  perform  very  effectively 
and  when  properly  designed  will  give  long 
trouble-free  service  without  the  need  for  main¬ 
tenance.  In  some  critical  vibration  test 
applications,  flexures  offer  the  best,  if  not 
the  only  practical,  economical  solution  to 
fixture  guiding. 


FLEXURES  FOR  PARALLEL  MOVEMENT 

A  typical  arrangement  of  parallel  movement 
flexures  in  a  vibration  system  is  shown  in 
Figure  1.  The  fixture-S'  'men  assembly,  re¬ 
presented  as  a  rectangul  •  lid,  is  driven 
horizontally  by  a  vibrati  exciter.  A  number 
of  simple  flat-plate  flexures  (six  in  this 
case)  are  attached  between  the  fixture  and  a 
heavy  reaction  base  below.  The  flexures  are 
oriented  normal  to  the  direction  of  excitation 
and  their  width  is  comparable  to  that  of  the 
fixture.  The  intended  action  of  the  flexures 
is  to  absorb  lateral  forces  and  moments  which 
are  transmitted  to  the  stable  reaction  mass 
through  the  flexures.  The  flexures  restrict 
the  freedom  of  motion  of  the  fixture  in  all 
directions  except  the  direction  of  excitation. 

There  are  variations  ro  this  simple 
"parallel  movement"  flexure  system.  Instead  of 
having  flexibility  for  the  entire  length  of  the 
plate,  flexing  may  be  limited  to  the  extremi¬ 
ties  by  stiffening  the  intermediate  part  of  the 
flexure.  This  design  has  advantages  for  high 
amplitude  low  frequency  testing.  Still  another 
variation,  useful  in  guiding  assemblies  of 
appreciable  width,  is  to  use  flexure  rods  at 
the  four  corners  or  sides  of  the  fixture, 
instead  of  full-width  flat  flexures.  Further 
variations  include  flexures  which  are  machined 
from  heavy  plate  or  forgings,  leaving  the  thin 
plate  with  two  heavy  ends.  These  ends  provide 
means  for  rigid  mechanical  connection,  and 
minimize  the  clamping  stresses,  fretting,  and 
prcfclems  associated  with  attachment  of  the 
flexures. 

ANALYSIS  OF  FLEXURE  ELEMENT 

During  vibration  tests,  the  action  of  each 
flexure  element  of  Figure  1  is  approximately  as 
shown  in  Figure  2.  The  relationship  between 
bending  stress  amplitude  in  the  flexure  and  the 
displacement  amplitude  is  as  follows: 


where  sj,  =  Maximum  bending  stress  (psi)  of 
flexure  at  the  section  near  the 
clamped  end.  (Should  not  cause 
fatigue  failure.) 

E  =  Modulus  of  elasticity  of  the  flexure 
material  in  direct  stress,  psi 

h  =  Uniform  thickness  of  the  flexure, 
inches 

L  =  Unsupported  length,  inches,  and 

x0  *  Amplitude  of  vibration,  inches. 

Equation  (1)  assumes  that  the  material  is 
stressed  only  in  the  elastic  range,  that  the 
amplitude  x0  is  small  relative  to  the  length  L, 
and  that  the  fixture  vibrates  in  a  straight 
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line  without  rotation,  so  that  the  slopes  of 
the  two  ends  of  the  flexure  remain  parallel. 

A  further  assumption  is  that  the  irertia 
effects  of  the  vibrating  flexures  contribute 
negligibly  to  the  maximum  bending  stress. 

This  is  valid  insofar  as  the  large  displace¬ 
ments  and  stresses  are  only  applied  at  the 
lower  frequencies. 

An  ideal  flexure  guide  should: 

(1)  Permit  motion  in  only  one  direction 
(x  axis),  with  minimum  of  resistance. 

(2)  Offer  infinite  resistance  to  all 
other  motions. 

None  of  these  idealized  conditions  is  satisfied 
by  practical  designs,  primarily  because  of  the 
inherent  material  characteristics  and  the 
geometry  of  plate  deformation. 

One  reason  for  deviation  from  idealized 
condition  (1)  above  is  that  the  actual  vibra- 
toiy  path  of  the  upper  end  of  a  flexure  of 
finite  length  is  along  a  shallow  arc  rather 
than  a  straight  line,  as  shown  in  Figure  2. 

If  the  length  of  the  flexures  remains  unchanged 
during  the  vibration  cycle,  then,  when  the 
x-motion  is  defined  by 

x  «  xQcoswt  (2) 


position.  In  cases  where  motion  of  the  flexure 
is  entirely  in  one  direction,  i.e., 
x  =  x0( 1-coswt) ,  then  the  excursion  y0  is  four 
times  as  high  as  that  expressed  in  Equation  (4). 
It  should  be  added  that  the  above  y-axis  exci¬ 
tation  analysis  was  based  on  the  assumption  that 
the  length  of  the  flexure  remains  unchanged 
during  a  vibratory  cycle.  This,  however,  only 
applies  when  the  fluctuating  axial  stresses  in 
the  flexure  are  negligible.  Because  of  the 
acceleration  component  of  the  fixture  in  the  y- 
direction,  axial  vibratory  forces  are  indeed 
applied  to  the  flexure,  which  will  therefore  be 
elongated.  Without  resonance  amplification, 
such  deformations  are  usually  negligible. 

SELF  EXCITATION  OF  FLEXURES 

Another  reason  for  deviation  from  perfectly 
linear  motion  is  that  the  supported  flexure 
section  may  be  excited  into  the  various  fixed 
beam  modes,  as  shown  in  Figure  3.  The  frequen¬ 
cies  for  the  first  three  of  these  modes  are  as 
follows : 


The 

funuamental  mode 

f.  =  1.025 

(o) 

1  L^ 

The 

second  mode 

f2  =  3.03  fj 

(7) 

The 

third  mode 

f3  ’  5-40  fl 

(8) 

there  is  a  y-component  of  motion,  expressed  by: 


y  = 


1  +  cos2wt 


] 


(3) 


and  the  ratio  of  these  two  amplitudes  is: 


where 


velocity  of  sound 
of  flexure. 


in  material 


and  y  *  mass-density  of  material. 

For  steels,  aluminum,  magnesium,  "a"  is  very 
nearly  200,000  inches/second. 


Given  a  required  test  amplitude  x0,  the  only 
means  of  reducing  y0  is  by  increasing  the 
length  L.  For  practical  reasons,  L  cannot  be 
increased  indefinitely.  When  cross-amplitude 
of  motion  y.  is  limited  to  one  percent  of  motion 
x0,  the  ratio  L/x0  becomes  33.3.  Such  cross¬ 
motion  shov.ld  be  tolerated  in  most  instances. 

It  should  be  added,  however,  that  the  frequency 
of  motion  y  is  twice  that  of  x,  as  can  be  seen 
from  Equations  (2)  and  (3).  Thus,  the  accelera¬ 
tion  ratio  in  the  two  direction^  becomes: 

(y  4  x  4  y 

'7  'o  m  _ o  _  _ 7_o_  ^ 

(x)  3L  x 

and  if  the  displacement  ratio  y0/x0  is  one  per¬ 
cent,  the  acceleration  ratio  becomes  four 
percent. 

Cross-motion  y.  is  aggravated  if  the 
flexure  is  improperly  aligned  initially  so  that 
it  deflects  unequally  relative  to  its  unstressed 


In  order  to  minimize  these  extraneous 
motions,  damped  coatings  have  been  applied  over 
the  thin  part  of  the  flexures. 

MULTI -FLEXURE  SYSTEMS  -  NATURAL  FREQUENCIES 

Consider  a  vibrating  system  such  as  shown 
in  Figure  4.  The  fixture-specimen  "moving 
assembly"  is  supported  by  a  set  of  flat,  parallel 
flexures,  held  in  turn  by  a  heavy  base.  The 
fixture  is  subjected  to  vibration  in  the  x- 
direction  by  an  exciter  and  a  drive  rod,  as  shown 
in  Figure  1. 

The  mathematical  model  of  this  study  is 
based  on  several  simplifying  assumptions,  of 
which  the  following  are  most  significant: 

(1)  W,  representing  the  weight  of  the 
fixture  and  the  specimen,  is  a  perfect 
mass,  infinitely  rigid. 

(2)  The  vibration  exciter  applies  vibra¬ 
tory  forces  to  the  specimen  along  one 
direction  only,  namely,  the  x-axis, 
but  otherwise  exerts  no  restraints  or 
forces  on  the  fixture. 


WW7,  777777,  777777, 


FIRST  MODE  SECOND  MODE  THIRD  MODE 


Fig.  3  -  Self-excited  bending  modes  of  flexures 


(3)  The  fixed  ends  of  the  flexures  are 
rigidly  held  to  an  infinitely  heavy 
base,  and  therefore  are  totally 
motionless. 

The  following  nomenclature  has  been  used 
in  the  analysis: 

x  -  direction  of  vibratory  excitation 

y  -  "cross' axis"  direction,  along 

axis  of  flexures 

z  -  "cross-axis"  direction  at  right 

angles  to  flexure  axis 

n  -  number  of  flexures  (six  in 

example  of  Figure  4) 

L  -  free  length  (span)  of  flexures 

b  -  width  of  flexures 

h  -  thickness  of  flexures,  usually 

uniform 

E  -  modulus  of  elasticity  of  flexure 
material  (axial) 

G  -  shear  modulus  of  elasticity  of 

flexure  material 


y  -  Poisson’s  ratio  for  -flexure 

matorial 

K^,  f^  -  linear  spring  constant  of 

flexure  system  in  the  x-direction, 
and  natural  frequency  of  vibra¬ 
tion  of  fixture-flexure  mechani¬ 
cal  system  in  x-direction 

K  5  f  -  similar  symbols  for  the  y- 
^  ^  direction 

Kz  5  fz  -  similar  symbols  for  the  z- 
direction 

I  ,1  ,1  -  mass  moment  of  inertia  of 

xr  *  x r  v 

'  fixture  assembly  about  axes 
(  1?  indicated  by  subscripts 

p  -  distance  between  axes  x  and  x 
(see  Figure  5) 

R  ,R  6  R  -  radii  of  gyration  of  fixture 
r  x  x^  assembly 

^r’^xz  ®  ^x  '  an8ular  natural  frequencies  of 
‘  vibration  in  "roll"  mode,  "yaw" 
mode  and  "pitch"  mode, 
respectively 
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FIXTURE-SPECIMEN  ASSEMBLY,  W  LBS. 


Configuration  of  a  parallel  motion  flexure  guide  system 


(END  VIEW)  (SIDE  VIEW) 

ROLI.  MODE  YAW  MODE  PITCH  MODE 


Fi".  5  -  Modes  of  linear  and  angular  motion 


rj.Tju.r  -  distance  between  elastic  center 
of  flexure  system  and  each 
individual  flexure  as  indicated 
by  subscripts  1,  2,  to  n. 

N  -  distance  along  the  y-axis, 

between  center  of  gravity  of 
mass  W  and  the  upper  end  of  the 
flexures 


Elementary  single-degree-of-freedom  analyses 


were  conducted  on  the  vibratory  system  and  the 
results  are  presented  in  tabular  form.  Table  I 
lists  equations  for  calculating  the  linear 
spring  constants  and  the  linear  natural  fre¬ 
quencies  of  the  system.  Equations  for  deter¬ 
mination  of  angular  motion  characteristics 
appear  in  Table  11.  The  six  modes  of  motion 
that  were  analysed  are  illustrated  in  Figure  5. 

The  x-axis  linear  data  refer  to  properties 
of  the  system  in  the  direction  of  the  excita¬ 
tion.  The  significant  parameter  in  this  case 
is  the  spring  constant  Kx,  since  this,  with 
amplitude  x0,  determine  the  elastic  restraining 
force  exerted  by  the  flexures  at  low  frequen¬ 
cies.  This  must  be  overcome  by  the  exciter, 
and  ,.s  an  added  force.  As  the  frequency  is 
raised,  the  natural  frequency  fx  is  reached, 
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TABLE  I 

Linear  Motion  Characteristics  of  Flexure-Guided  Test  Assembly 


DIRECTION 

OF 

MOTION 

FLEXURE  SYSTEM 

SPRING  CONSTANT, 

LB/IN 

NATURAL 

FREQUENCY 

Hz  ; 

X-AXIS 

Kx  *  nE  (if  b 

f  =  3.13 
x  1  W 

Y-AXIS 

Ky  *  nE  (t)b 

fy  =  3,I3V? 

Z-AXIS 

r  .  "Me)1 

fz  =  3-i3V5- 

Z  1  *  1  (lf 

lb/ 

TABLE  II 

Angular  Motion  Characteristics  of  Flexure-Guided  Test  Assembly 


AXIS  OF 
ANGULAR 
MOTION 

MASS  MOMENT 

OF 

INERTIA 

RADIUS  OF 
GYRATION  OF 

MASS 

NATURAL 

FREQUENCY 

Hz 

Xj-AXIS 

I 

R  =\ 

:*  +  Kp2 

.  -J>  ..  . 

"ROLL  MODE" 

xr 

r  f 

w 

1  "r  7  V2(i^- 46  (92 

Y-AXIS 

rr~ 

i 

R„  «4 

l-L 

f  ■  •  f 

"YAW  MODE" 

y 

xz  ^ 

W 

xz  R  *Z 

xz 

Z-AXIS 

rr 

i 

it 

f  *  TT~  ■  f 

"PITCH  MODE" 

xy  Rxy  y 
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the  inertia  forces  Wx  cancel  this  elastic 
restraint.  At  still  Higher  frequencies,  x-axis 
linear  properties  are  of  no  concern. 

The  other  five  modes  in  Tables  1  and  11 
reprerent  "cross-motion"  and  other  parasitic 
modes,  in  directions  other  than  needed  or 
required  for  the  typical  vibration  test,  which 
specifies  only  one  direction  of  motion,  fcver. 
though  the  vibration  exciter  applies  excita¬ 
tion  forces  along  one  direction  only  (the  x- 
axis),  significant  amplitudes  can  be  excited 
in  these  undesirable  modes  when  the  exciting 
frequency  corresponds  to  these  natural  fre¬ 
quencies.  This  is  because  of  the  resonance 
amplification  of  the  lightly  damped  metal 
flexures  which  constitute  the  elastic  spring 
of  the  vibratory  system. 

The  safest  way  of  avoiding  these  problem 
areas  is  to  design  flexures  that  result  in 
system  natural  frequencies  that  are  higher 
than  the  frequency  spectrum  of  the  test.  If 
this  is  not  possible,  it  is  still  desirable  to 
raise  these  frequencies  as  high  as  possible  by- 
design,  since  cross-motions  induce  less  severe 
structural  stresses  at  the  higher  frequencies 
than  at  lower  frequencies. 

A  brief  review  of  the  equations  in 
Tables  1  and  II  indicates  that  high  natural 
frequency  is  obtained  with  short,  wide  and 
thick  flexures.  There  are,  however,  other 
limiting  considerations,  in  that  the  bending 
stresses  of  Equation  (1)  increase  as  h 
increases  and  L  decreases.  Also,  cross-axis 
y-excitation  is  aggravated  as  L  decreases,  as 
shown  in  Equation  (3).  Thus,  for  any  given 
situation,  a  compromise  must  be  reached  between 
these  various  requirements  and  characteristics 
so  as  to  select  the  optimum  flexure  design. 

Typical  flexure  guided  assemblies  arc 
shown  in  photographs  of  Figures  6  and  ~  These 
have  performed  well  over  a  frequency  range  of 
5  to  2000  Hz,  under  both  sine  and  random  exci¬ 
tation.  Figure  6  shows  a  horizontally  excited 
fixture,  guided  with  six  parallel  flexures 
(three  pairs),  each  pair  being  wrapped  with 
adhesive  rubber  tape  or  damping  tape  so  as  to 
prevent  build-up  of  the  self-excited  bending 
modes  of  the  flexures  as  shown  in  Figure  3.  , 

The  fixture  of  Figure  7  uses  two  pairs  of 
similar  flexures  which  guide  the  fixture 
vertically, 

CONCLUDING  REMARKS 

The  applications  of  parallel  movement 
flexure  guides  to  vibration  testing  have  been 
reviewed,  and  the  more  important  dynamic 
properties  affecting  their  design  discussed. 

It  is  not  claimed  that  these  provide  the 
answers  to  all  guidance  problems,  since  the 
best  type  of  guide  system  to  be  used  in  a  test 
depends  on  the  particular  application.  However, 
the  inherent  simplicity  and  economy  of  a  flex¬ 
ure  system  makes  it  a  logical  candidate  in 
many  situations.  Flexures  are  particularly 


advantageous  if  a  test  must  be  conducted  under 
conditions  of  temperature  extremes,  when  lubri¬ 
cants  needed  for  slip  tables  and  hydrostatic 
bearings  may  encounter  viscosity  problems. 
Alignment  difficulties  which  may  be  caused  by 
thermal  deformations  under  such  conditions  are 
also  best  solved  by  flexures. 
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APPENDIX 


CHARTS  FOR  FLEXURE  DESIGN 

The  various  mathematical  equations  which 
have  bee-'  compiled  and  tabulated  will  provide 
the  necessary  solutions  to  most  flexure  design 
problems.  However,  such  work  can  be  tedii-is 
in  that  several  iterations  may  be  necessaiy 
before  arriving  at  an  acceptable  design,  in 
order  to  facilitate  selection  of  flexure 
parameters  to  suit  particular  requirements, 
five  charts  have  been  prepared  and  presented 
as  Figures  8  through  12.  These  charts  are 
based  on  the  following  properties  of  the 
flexure  material: 

E  =  50  x  106  psi 

(2)  Poisson's  ratio  =  0.3 

(3)  Acoustic  velocity  a  =  200,000  inches/ 
second 

(4)  Allowable  reversed  bending  stress 
■  20,000  psi.  (This  design  stress 
takes  into  consideration  the  stress 
concentration  at  the  clamped  ends.) 

Readily  available  plate  materials  which 
satisfy  these  requirements  include: 

(1)  Half-Hard  stainless  steel,  Giade  3C2 

(2)  Alloy  Steel  A1S1  4140  or  4340  in 
heat-treated  condition  (140,000  psi 
minimum  UTS) 

The  recommended  procedure  to  use  with  the 
charts  is  given  below: 

1.  The  maximum  vibration  displacement  ampli¬ 
tude,  X0,  is  given  in  the  test  specification. 
Using  this  value  of  X0,  Figure  8  can  be  used 
to  tentatively  define  several  combinations  of 
n  (flexure  thickness)  and  L  (length).  Geomet¬ 
rical  considerations  may  dictate  L,  and  avail¬ 
ability  of  material  can  restrict  choice  of  h. 
Other  limitations  often  exist,  but  Figure  8 
can  be  used  to  select  the  most  convenient 
values  for  h  and  L.  Note  that  this  figure 
includes  a  boundary  corresponding  to  X0/L  = 
0.03.  Combinations  of  h  and  L  falling  to  the 
left  of  this  boundary  are  unsuitable,  since 
they  allow  the  vertical  cross-talk  motion  of 
the  supported  specimen  to  exceed  the  recom¬ 
mended  limit  of  1%  of  X0  (see  Figure  2), 

2.  Having  selected  h  and  L,  the  first  three 
self-excited  natural  frequencies,  fj,  f2  and 
f3,  may  be  found  from  Figure  9.  If  these  fall 
within  the  frequency  range  of  the  test,  steps 
should  be  taken  to  increase  the  damping  in  the 
flexures,  as  discussed  earlier  in  this  paper. 

3.  The  next  step  involves  selection  of  the 
number  of  flexure  elements,  n,  and  their  width, 
b.  The  product  of  n  and  b,  namely  the  sum  of 
the  widths  of  all  the  flexures,  is  a  measure  of 
the  strength  and  rigidity  of  the  guide  system. 
The  number  n  often  depends  upon  the  beam  stiff¬ 
ness  of  the  fixture,  and  the  number  of  places 


the  fixture  must  be  supported  to  prevent  severe 
fixture  bending  modes.  For  a  system  intended 
for  higher  test  frequencies,  the  width,  b,  of 
the  flexures  should  be  roughly  the  same  as  that 
of  the  fixture,  and  if  this  is  not  the  dominant 
consideration,  b  can  be  somewhat  smaller. 

4.  Having  selected  h,  L,  n  and  b,  Figure  10 
can  be  used  to  determine  system  stiffness  Kx  by 
the  intersection  of  abscissa  value  h/L  with 
appropriate  curve  for  the  product  nb.  The 
maximum  elastic  force  Fx  =  Kx  X0  is  now  calcu¬ 
lated.  Since  this  force  must  be  supplied  by 
the  shaker  at  low  ^reouencies,  it  may  be  a 
limitation,  and  the  value  of  nb  m^y  have  to  be 
reduced. 

5.  The  chart  of  Figure  11  is  helpful  in  obtain¬ 
ing  natural  frequencies  fx  and  fy.  For  this, 
the  vibrating  weight  W  of  the  fixture  plus 
specimen  must  be  known.  The  ratio  Kx/K  is  used 
to  enter  the  chart.  The  corresponding  value  of 
the  system  natural  frequency  in  the  input 
direction,  fx,  is  read  from  the  horizontal  axis. 
This  value  of  ffx  is  then  used  to  re-enter  the 
chart  to  find  the  system  frequency  in  the  y 
direction,  fy,  for  the  appropriate  value  of  the 
ratio  h/L.  The  latter  frequency  is  read  from 
the  right-hand  vertical  scale. 

6.  The  system  frequency  in  the  z  direction  is 
found  from  the  final  chart,  Figure  12,  by 
entering  with  the  value  of  fy  and  using  the 
propei  L/b  line  to  determine  f2, 

NUMERICAL  EXAMPLE 

The  process  just  described  is  illustrated 
in  the  design  charts  for  the  following  numerical 
example,  representing  the  sys’  em  shown  in 
Figure  4. 

Let  Xo  =  0.11  in.  by  specification,  and 
select  material  thickness  h  *  0.050  in.  Then, 
from  Figure  8,  L  =  5  in.  From  Figure  9,  for 
L  =  5  in.  and  h  =  0.050  in.,  we  find  fj  =  400 
Hz.,  f2  =  1584  Hz.  and  fj  *  2108  Hz.  How  select 
n  -  6  flexures  and  b  =  10  in.  Enter  Figure  10 
using  h/L  =  0.010  and  nb  *  60  to  obtain  Kx  = 

1800  lb/in.  Assume  the  combined  fixture/speci¬ 
men  weight  to  be  20  lb. ;  then  Kx/W  =  90  so  that 
Figure  11  gives  fx  =  30  Hz.  For  h/L  =  0,10  we 
find  that  fy  »  3000  Hz.  Finally,  from  Figure 
12,  entering  this  value  of  fy  and  using  L/b  = 

0.5  leads  to  f2  =  1700  Hz. 

The  natural  frequencies  of  the  system  in 
the  angular  modes  (roll,  pitch  and  yaw)  illus¬ 
trated  in  Figure  5  should  now  be  calculated. 
Since  these  depend  on  the  inertia  character¬ 
istics  of  the  particular  fixture  and  specimen 
tested,  their  calculation  is  not  amenable  to 
graphical  solution.  They  can  easily  be  calcu¬ 
lated  using  the  equations  summarized  in  Table 
II.  The  roll  mode  often  tends  to  be  the  one 
with  the  lowest  natural  frequency. 
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DISCUSSION 


Mr.  Cost  (Naval  Weapons  Center):  What 
are  you  trying  to  prove  h~re?  In  1958  at  the 
Shock  and  Vibration  Symposium  it  was  quite 
dramatically  pointed  out  that  flexures  are  one 
of  the  sorriest  ways  to  tie  onto  a  shaker.  White 
Sands  Missile  Range  Technical  Paper  No.  32 
published  in  1963  also  points  this  out.  There 
is  no  physical  way  you  can  tie  on  using  a  flexure 
without  inducing  cross  axis  motion. 

You  say  that  this  eliminates  the  problem 
of  viscosity  at  low  temperatures  with  slip 
tables.  This  is  a  matter  of  heat  transfer  and 
can  be  cured  by  keeping  the  bearings  warm,  if 
you’re  using  a  Team  bearing,  or  keeping  the 
oil  warm  or  isolating  the  slip  table  from  the 
cold  temperature.  Maybe  I’ve  missed  the  point 
but  it  looks  to  me  as  if  we  have  gone  back  10 
years  in  history.  What  is  your  point? 

Mr.  Barrett:  The  point  is  very  simply  that 
in  a  number  of  large  scale  vibration  tests  con¬ 
ducted  at  North  American,  flexures  were  found 
to  be  the  only  solution  after  trying  all  of  the 
other  common  methods. 

Mr.  Cost:  It  is  physically  impossible  for 
a  flexure  to  eliminate  crosstalk  -  it  induces  it. 
Because  the  flexure  is  bent  the  arc  length 
causes  it  to  shorten  and  you  induce  crosstalk. 

I  cannot  see  hen'  you  could  possibly  say  cross¬ 
talk  is  eliminated  by  using  a  flexure.  Maybe 
my  thinking  is  wrong,  but  when  you  bow  a 
straight  piece  of  metal,  the  distance  between 
the  two  ends  shortens,  and  if  it  shortens  cross 
motion  in  introduced. 

Mr.  Barrett:  No,  your  observation  is  very 
true,  and  in  fact  this  is  discussed  in  the  paper. 
The  limitations  which  should  be  placed  on  the 
design  of  the  flexures  to  minimize  this  effect 
is  shown.  We  do  not  claim  to  get  zero  cross¬ 
talk.  We  claim  to  get  less  crosstalk  than  many 
of  the  other  methods,  and  while  you  may  know 
it  is  physically  impossible,  the  specimens  we 
tested  and  the  accelerometers  measuring  the 
crosstalk  apparently  did  not  know,  because  they 
show  that  it  was  a  very  effective  way  of  reducing 
the  crosstalk. 


Mr.  Cost:  Did  you  try  hydrostatic  bearings? 

Mr.  Barrett:  Yes. 

Mr.  Cost:  And  you  got  less  crosstalk  with 
a  flexure  than  you  did  with  hydrostatic  bearings? 

Mr,  Barrett:  There  were  applications 
where  the  hydrostatic  bearing  should  have 
been  ideal  but  it  turned  out  they  were  not  satis¬ 
factory  for  the  wide  frequency  range  through 
which  we  were  operating  and  for  the  heavy  mass 
of  fixture. 

Mr.  Shipway  (Wyle  Labs.):  To  rise  to  the 
defense  of  the  speaker  he  did  not  claim  that 
flexures  were  the  ultimate.  His  paper  I  think, 
as  I  got  it,  endeavored  to  give  some  design 
parameters  for  those  who  wish  to  use  flexures 
when  the  use  of  flexures  is  appropriate.  And 
whether  you  know  it  or  not  there  are  lots  of 
people  in  this  world  that  still  use  flexures  for 
many  applications.  Nobody  is  pretending  that 
a  flexure  is  the  best  restraint  device  -  I  think 
each  restraint  device  has  its  appropriate  place  - 
hydrostatic  bearings  sometimes,  something  else 
some  other  time,  an  oil  table  next  time,  but  the 
next  time  perhaps  it  is  flexures.  He  is  trying 
to  tell  you  how  to  design  when  the  time  comes 
that  you  want  to  use  flexures . 

Mr.  Cost:  If  I  might  answer  Mr.  Shipway, 
the  question  was:  to  eliminate  crosstalk  would 
you  use  flexures?  And  I  state  again,  it  is  me¬ 
chanically  and  physically  impossible  to  elim¬ 
inate  crosstalk  with  flexures  and  I  am  shocked 
to  hear  that  anyone  from  Wyle  Labs  would  even 
suggest  the  use  of  flexures. 

Mr.  Shipway:  It’s  a  matter  of  degree  as 
the  speaker  said.  He  does  not  claim  zero  cross¬ 
talk  for  flexures  but  if  you  have  got  100  percent 
crosstalk  without  them  and  10  percent  with  them, 
perhaps  that  is  not  bad.  It  is  a  matter  of  degree 
and  the  particular  application  and  whether  you 
can  stand  the  amount  of  crosstalk  that  flexures 
give  you. 
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A  COMPRESSION -FASTENED  GENERAL-PURPOSE 
VIBRATION  AND  SHOCK  FIXTURE 


Warren  C .  Beecher 
Instrument  Division 
LearSiegler,  Inc. 
Grand  Rapids ,  Michigan 


The  fixture  under  discussion  in  this  paper  is  the  result  of  •>  program  to 
achieve  the  economies  of  a  universal  fixture  for  vibrating  and  shocking 
different  units  with  little  or  no  compromise  from  the  results  that  would 
have  been  obtained  if  an  individual  fixture  had  been  specially  fabricated 
for  each  one.  In  carrying  out  this  objective,  a  method  of  wedge  com¬ 
pression  was  developed  to  install  individual  adapter  plates  into  a  mother 
fixture.  This  method  eliminates  the  spring  constants  of  bolted  con¬ 
nections,  and  the  discontinuities  of  welded  connections,  resulting  in  a 
high  frequency  first  resonance  with  low  magnification  and  cross  mode 
vibration. 


Many  attempts  to  construct  a  general- 
purpose  vibration  and  shock  fixture  have 
resulted  in  serious  compromises  which  would 
have  made  individualized  fixtures  for  each 
test  item  desirable,  if  not  mandatory.  The 
essential  problem  in  designing  a  universal 
fixture  lies  in  the  necessity  for  fastening 
adapter  plates  for  different  units  into  a 
mother  fixture.  Frequently,  this  has  re¬ 
sulted  in  a  multiplicity  of  bolted  joints  which 
create  a  corresponding  multiplicity  of  reso¬ 
nances,  many  of  which  may  fall  within  the 
frequency  range  of  the  test.  This  situation 
usually  causes  cross-mode  vibration  at  one 
or  more  frequencies  in  excesss  of  100%  of 
the  desired  mode,  and  thus  invalidates  the 
test. 

A  large  number  of  items  that  pass 
through  our  test  facility  fall  into  two  cate¬ 
gories  of  black  boxes . 

Type  1 .  This  unit  has  a  flat  bottom 
mounting  surface  or  mount¬ 
ing  feet  to  attach  upon  a 
flat  surface. 

Type  2 .  This  unit  attaches  to  a  flat 
surface  while  its  main  body 
extends  through  a  hole  in 
this  surface,  as  an  instru¬ 


ment  mounted  into  an  instru¬ 
ment  panel,  wh'ere  it  is  held 
by  a  circumferentially  con¬ 
structed  integral  mounting 
ring,  or  by  the  front  bezel. 

At  first  glance,  it  does  not  seem  probable 
that  a  satisfactory  fixture  can  be  designed  to 
accomodate  both  types  of  units ,  especially 
when  random  equalization  must  be  accom¬ 
plished  and  verified  to  2000  cps. 

With  many  shaker  systems  it  is  unde¬ 
sirable  to  tip  the  shaker  for  directly  sup¬ 
ported  or  oil-film  table  operation  where  a 
high  quality  random  or  sine  vibration  with 
low  cross-modes  is  required.  In  any  event, 
when  the  through-panel  type  black  box  is  to 
be  tested,  a  properly  braced  vertical  surface 
must  be  erected  normal  to  the  shaker  table- 
top.  Since  the  fixture  under  consideration  is 
to  handle  both  type  1  and  type  2  items,  the 
design  should  be  capable  of  permitting  all 
vibration  to  be  performed  with  the  shaker 
axis  vertical,  if  so  desired.  At  the  same 
time,  the  number  of  vibration  surface  inter¬ 
faces  should  be  minimized. 

With  type  1  units,  and  three  planes  of 
vibration,  a  bolted-together  universal  vi- 
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adapter  plate. 


bration  fixture  usually  requires  at  least  seven 
bolted  interfaces.  This  includes  a  horizontal 
adapter  plate  to  bolt  to  the  shaker  head  (1), 
a  vertical  plate  erected  there-upon  to  which 
the  unit  is  fastened  (2),  and  two  triangular 
braces  to  stiffen  the  vertical  plate  (4) .  This 
set-up  will  accomplish  vibration,  but  may 
require  additional  fixturing  interfaces  for 
shock. 

With  type  2  units,  and  prov'Sion  to  ac¬ 
complish  shock  with  both  the  fav  up  and  face 
down  positions ,  a  bolted  together  date  box 
with  a  central  cavity  results  in  fourteen  or 
more  bolted  interfaces  -  tweive  in  the  box, 
and  the  remaining  two  consisting  of  the  unit- 
to-box,  and  box-to-shaker  interfaces .  The 
above  bolted-together  universal  box  can  be 
considerably  improved  by  welding  all  its  in¬ 
ternal  interfaces  except  the  end  plates  which 
usually  have  to  be  individualized  to  accept 
different  units .  This  reduces  the  number  of 
bolted  interfaces  to  four.  Unfortunately,  the 
discontinuities  across  the  welds  also  produce 
some  deterioration  in  the  vibration  charac¬ 
teristics  of  the  fixture. 

The  design  objectives  of  the  fixture  dis¬ 
cussed  in  this  paper  are  met  by  constructing 
a  hollow  box  in  the  following  ways: 

1 .  The  main  body  of  the  fixture  (which 
retains  two  individualized  end  plates) 
is  machined  from  a  single  forging, 
usually  of  aluminum. 

2.  The  outside  surfaces  of  this  body  are 
rectangular  to  permit  convenient 
mounting  to  place  the  unit  in  either  a 
horizontal  or  vertical  plane  on  the 
shaker  adapter  plate .  Two  of  the 
outside  surfaces  have  a  uniform 
pattern  of  1/4-20  bolt  holes  to  permit 
a  bolt-on-the-surface  type  unit  to  be 
held  on  one  surface  by  an  adapter 
plate  and  to  permit  counterbalancing 
on  the  opposite  surface  by  another 
unit,  or  by  a  balancing  weight  if  re¬ 
quired.  For  a  few  critical  appli¬ 
cations,  the  unit  mounting  holes  are 
also  placed  in  one  of  these  surfaces 
to  eliminate  the  unit  adapter  plate. 

A  third  surface  of  the  fixture  is  used 
to  bolt  it  to  the  shaker  adapter  plate , 
and  this  arrangement  permits  two  of 
the  three  planes  without  unbolting  the 
main  fixtui  e.  The  remaining  plane 
could  be  achieved  by  a  hole  pattern 
on  the  top  of  the  fixture  body,  but  is 
usually  done  directly  on  the  shaker 


3.  The  inner  surfaces  are  round  to  pre¬ 
sent  a  non-uniform  cross-section  of 
great  rigidity  and  a  capability  of  a 
high  first  resonant  frequency  with  a 
low  magnification  factor.  There  are 
two  larger  round  recesses,  one  in 
each  end,  to  mount  individualized 
circular  adapter  plates  for  each  type 
of  through- the-panel  mounting  unit. 
These  can  be  rotated  90  degrees  for 
two  planes,  and  through  other  con¬ 
venient  angles  for  specialized  tests. 
The  main  fixture  usually  does  not 
have  to  be  unbolted  for  two  planes, 
and  is  unbolted  and  turned  on  end  for 
the  third  plane.  Bolt-holes  counter- 
bored  to  within  two  bolt-diameters  of 
the  bottom  pass  through  the  outer 
shell  wall  of  the  circular  cavity  in  the 
two  orthogonal  mounting  directions 
without  penetrating  each  other,  or 
the  space  occupied  by  the  unit.  One 
of  the  recessed  end  plates  has  an 
individualized  cut-out  to  match  a 
particular  through-the -panel  mount¬ 
ing  unit.  The  opposite  end  has  a  cut¬ 
out  that  permits  cables  or  other 
appurtenances  of  the  unit  to  be 
brought  through. 

4.  In  addition  to  the  functional  purposes 
mentioned  above,  and  most  im¬ 
portantly,  the  recessed  end  plates 
are  used  to  rigidize  the  fixture  and 
raise  its  resonant  frequency.  These- 
end  plates  present  a  tapered  edge  to 
a  matching  tapered  recess  in  the  end 
of  the  hollow  box  fixture .  The  hold¬ 
down  bolts  for  these  plates  are  used 
to  wedge  the  end  plates  into  a  rigid 
compression  fit  with  the  mother  box. 
They  are  left  installed  as  a  safety 
feature  in  case  the  operator  fails  to 
torque  the  plate  bolts  properly,  but 

a  properly  torqued-in  plate  is  held 
into  the  fixture  by  the  wedging  action, 
and  must  be  extracted  with  a  pulling 
tool  after  the  test.  Since  the  contact 
between  the  plate  and  the  mother 
fixture  is  an  intimate  one  of  two 
pieces  of  the  same  material,  there 
is  no  discernible  discontinuity  across 
the  joint,  as  there  would  be  with  a 
welded  joint,  and  because  of  the 
wedge  fit,  the  bolt  spring-constants 
do  not  control  the  rigidity  of  the 
assembly,  or  its  lowest  resonant 
frequency.  This  results  in  a  highly 
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rigid  fixture  with  minimum  weaving 
and  cross-vibration,  and  with  a  low 
magnification  factor ,  high  frequency 
first  resonance. 


FIXTURE  DESIGN  DETAILS 

Some  of  the  mechanical  features  of  the 
design  are  illustrated  in  two  embodiments . 
Fig.  1  shows  a  12"  outside  dimension  cubical 
fixture  known  here  as  the  LEM  fixture ,  and 
in  Fig.  2  a  10"  x  10"  x  12"  long  fixture  known 
as  the  GEMINI  fixture.  Details  of  the  wedge 
fit  are  illustrated  in  Fig.  3.  Grid  lines  per¬ 
mit  approximate  scaling  with  1/2”  squares 
on  Fig.  1  and  Fig.  2,  and  1/4"  squares  on 
Fig.  3. 

Historically,  the  GEMINI  fixture  came 
first,  and  was  used  to  hold  the  Incremental 
Velocity  Indicator ,  The  Attitude  Director 
Indicator  (The  Eight-ball  of  TV  fame)  ind 
many  other  components  of  this  space  vehicle 
during  sine  and  random  vibration,  and  during 
shock  tests .  The  main  body  of  the  fixture 
without  adapter  plates  weighs  67  lb. 

The  larger  LEM  fixture  is  now  being  used 
to  vibrate  and  shock  the  Lunar  Excursion 
Modulo  Indicator  which  is  a  through-panel 
indicator  and  the  Gimbal  Angle  Sequence 
Transducer  Assembly  which  is  a  bolt-on-a- 
surface  unit.  The  main  body  of  this  fixture 
weighs  89.4  lb.  without  adapter  plates.  An 
even  larger  fixture  is  being  readied  for 
another  space  program. 

The  GEMINI  fixture  was  designed  to  have 
a  lowest  resonant  frequency  in  the  vicinity  of 
2000  Hz.  The  resonant  frequency  was  just 
over  2000  Hz  in  two  planes,  and  just  under 
2000  Hz  in  the  remaining  plane,  as  measured 
at  the  instrument  attachment  location  on  the 
instrument  adapter  plate.  (Fig.  4a).  Cross¬ 
axis  vibration  responses  shown  (Figs.  4b,  c, 
d)  include  shaker  cross-axis  vibration  which 
is  substantial  on  a  relatively  small  shaker 
carrying  a  heavy  load.  With  a  stiffer  arma¬ 
ture  suspension,  these  curves  could  show 
considerable  improvement.  These  curves 
were  measured  with  l.Og  peak  sine  input. 

The  LEM  fixture  had  an  original  design 
requirement  of  1500  Hz  minimum  for  the 
lowest  resonant  frequency,  which  was  later 
dropped  to  750  Hz  because  many  vendors  were 
having  difficulty  in  meeting  U.  This  fixture 
shows  a  lowest  resonant  frequency  of  2000  Hz 
(Fig.  5a)  vibration  axial  (along  the  direction 


of  bore  of  the  main  fixture  body),  and  2050  Hz 
with  vibration  radial  (Fig.  5b),  or  transverse 
to  tiie  bore  of  the  main  fixture  body.  These 
curves  were  obtained  by  submitting  the 
shaker-fixture  combination  to  a  flat  unequal¬ 
ized  random  input  producing  a  level  of 
.  02g Vhz  over  the  flat  portion  of  the  fixture 
response.  This  flat  spectrum  input  was 
terminated  at  the  high  end  by  a  3000  Hz  low- 
pass  filter  and  plots  were  carried  out  to  this 
frequency. 

The  cross-axis  response  curves  (Figs. 
6a,  b,  c,  d)  were  produced  by  equalizing  in 
the  primary  direction  of  a  tri-axial  acceler¬ 
ometer  mounted  at  the  instrument  attachment 
location  on  the  instrument  adapter  plate  (top 
trace  at  .  02g^/Hz  equalized)  and  plotting  the 
transverse  motion  response  curves .  This 
level  was  picked  to  insure  that  all  fixture 
resonances  would  be  adequately  excited.  The 
cross  axis  response  curves  also  include 
shaker  cross-axis  motion. 

In  the  e^ent  that  some  surprise  arises 
from  the  cl  ;m  to  a  higher  resonant  frequency 
with  the  shake  in  the  axial  direction  for  the 
larger  fixture ,  it  should  be  pointed  out  that 
the  resonance  in  this  direction  is  largely  con¬ 
trolled  by  the  stiffness  of  the  unit  adapter 
front  plate  that  wedges  into  the  fixture.  The 
measurements  shown  were  on  the  weakest 
adapter  plate  that  was  made  for  the  Gemini 
fixture,  and  are  an  indication  of  minimal, 
rather  than  optimal  performance  conditions. 
Heavy  enough  weights  could  be  hung  on  a 
front  plate  for  the  LEM  fixture  to  bring  this 
axial  resonance  below  2000  Hz,  but  this 
reduction  is  not  apt  to  exceed  10%,  with  any 
unit  that  would  fit  the  fixture.  The  curves 
are  a  good  Indication  of  this  design  as  a 
holding  fixture  for  fairly  good-sized  panel 
instruments. 

Some  niceties  that  should  be  observed  in 
the  design  are  contained  in  the  foUowing 
rules: 

1.  None  of  the  bolt-holeE  in  the  fixture 
are  allowed  to  intersect  each  other 
or  the  central  cavity,  except  the 
holes  that  lie  outside  or  beneath  the 
front  and  back  wedge  plates.  These 
have  reach-through  holes  for  a  long- 
handled  AUen  wrench  of  some  12" 

to  18"  of  length  with  an  extension 
handle,  the  length  being  dependent 
on  the  dimensions  of  the  fixture. 

2 .  All  bolt  hole  dimensions  are  refer- 
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Fig.  2  -  10"  x  10"  x  12"  Long  Fixture 


vibration  incluOing  Shakir  motion  :0  db  •  02g/H  )  ] 
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enced  to  the  bolted  surfaces  of  two 
mating  pieces  and  are  located  within 
.005"  TiR.  The  opposite  ends  of 
these  hoies  are  located  within  .010" 
of  true  position  including  the  maxi¬ 
mum  counter-bore  concentricity 
error  of  .001".  Where  holes  and 
counter-bores  are  10"  long  or 
longer,  this  requires  considerable 
accuracy  in  the  boring  operation. 

3.  Surface  flatness  and  parallelism  (or 
perpendicularity)  shall  be  heid  within 
.005"  TIR. 

4.  Surface  smoothness  of  mating 
surfaces  shall  be  held  to  RMS32 
or  better. 

5.  Accuracy  of  taper  angle  in  the  bore 
or  in  the  mating  plate  should  be 
held  to +0',  -1'.  Other  details  are 
shown  in  Fig.  3. 

6 .  All  other  angles  shall  be  heid 
within  ±  .1°. 

7.  Aluminum  pieces  . '  ould  be 
purchased  as  pieces  of  the  same 
forging  by  preference  and  subse¬ 
quently  heat  treated  to  T6 ,  stress- 
relieved  and  stabilized.  Critical 
surfaces  should  be  finished  at 

68°  -  70°F  after  heat  treat. 

In  other  words,  care  in  details  of 
workmanship  are  necessary  to  realize  the 
potential  of  the  design.  Some  details,  such 
as  the  angle  of  the  taper,  were  selected 
because  good  working  data  were  available  for 
this  particular  angle,  and  are  not  necessarily 
sacred.  The  same  remark  applies  to  the 
materials  that  were  used,  although  further 
experience  should  show  the  present  ones  as 
among  the  more  desirable . 


BOLTING  PRACTICE 

To  insure  the  maximum  rigidity  of  the 
fixture  and  shaker  adapter  plate  interface, 
and  proper  wedging  of  the  fixture  and  unit 
adapter  plate  interface,  the  1/4-20  bolts 
normally  used  are  torqued  near  maximum 
permissible  values  ClI.  The  same  statement 
applies  to  the  3/8-24  boits  which  tie  the 
shaker  adapter  to  the  shaker  in  our  instal¬ 
lation.  Where  all  the  surfaces  involved  are 
steel  the  preferred  practice  is  to  torque  to 
75%  of  yield  torque  for  an  average  screw 


££].  To  permit  large  torques,  steel  inserts 
are  used  to  repiace  the  weaker  threads  which 
would  result  from  bolting  into  the  aluminum 
parts  of  the  fixture.  Self-tapping  inserts  are 
definitely  preferred  because  of  strength  and 
wear  considerations  for  this  service.  The 
inserts  are  set  .015"  below  the  surface  and 
the  full  diameter  of  the  untapped  insert  hoie 
Is  extended  approximately  1/2  the  length  of 
the  insert  beyond  it.  This  insures  that  there 
is  no  danger  of  bottoming  the  screw  if  a 
standard  length  is  used.  For  1/4"  cap  screws 
a  standard  1”  iong  screw  is  used  for  all  bolts 
in  the  fixture.  If  a  1/2"  iong  insert  is  used, 
approximately  2  bolt  diameters  of  length  are 
left  under  the  head  in  the  unthreaded  and 
counter-bored  piece  and  approximately  2  bolt 
diameters  are  engaged  in  the  thread  in  the 
mating  piece.  Since  the  material  under  the 
head  is  aluminum  for  the  fixture  and  mag¬ 
nesium  for  the  shaker  adapter  plate,  the  75% 
of  yield  torque  figure  mentioned  above  is  not 
entirely  applicable.  Steel  inserts  could  be 
used  at  this  point  also,  but  are  not  entirely 
necessary,  particularly  in  aluminum.  The 
situation  is  more  marginal  in  the  case  of 
magnesium.  In  any  event,  experience  with 
these  materials  has  indicated  a  reduced 
maximum  figure  of  60%  of  yield  torque  for 
T-6  aluminum  under-head  conditions  and  50% 
of  yield  torque  for  magnesium.  It  should  be 
noted  that  there  is  a  definite  fall-off  in 
bolting  efficiency  below  40%  of  yield  torque 
in  any  of  these  materials.  Typical  yield 
torque  for  1/4-20  bolts  is  about  250  inch 
pounds  £2]].  The  torque  that  is  actually 
applied  will  ultimately  depend  on  the  user's 
judgment  in  each  instance. 

For  convenience  in  lifting  these  fairly 
heavy  fixtures,  a  3/4-10  threaded  hole  bottom 
tapped  to  3/4”  deep  is  installed  in  the  top 
center  of  the  fixture  to  hold  an  eye-bolt.  No 
other  holes  are  ordinarily  required  in  the  top 
surface  of  the  fixture  aside  from  the  tie-down 
bolt  holes.  A  bolt  hole  pattern  that  meshes 
in  between  other  existing  patterns  may  be 
placed  on  the  sides  of  the  fixture.  One  side 
will  hold  a  bolt-on-a-flat-surface  unit  and 
the  opposite  side  a  counter-balancing  plate. 
The  unit  may  be  mounted  with  an  adapter 
plate  ("W"  holes  in  side  view  in  Fig.  1)  or 
special  unit  mounting  position  holes  may  be 
installed  ("X"  holes  in  Fig.  1).  Steel  inserts 
protect  these  holes. 

The  various  bolting  provisions  are  more 
easily  visualized  by  examining  photographs  of 
different  fixtures  in  typical  in-use  conditions: 
(Fig.  7). 
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The  upper  left  view  shows  a  view  of  the 
12"  cubical  fixture  mounted  to  a  5000  force- 
pound  shaker  with  a  special  tilting  adapter 
plate.  A  typical  indicator  is  installed  for  a 
vibration  test. 

The  upper  right  view  shows  the 
10"  x  10"  x  12"  fixture  with  a  typical  unit 
installed  on  the  front  plate.  This  plate  has 
been  mounted  where  the  back  plate  would 
normally  be  in  order  to  permit  an  upside 
down  vertical  drop  as  shown  on  the  shock 
machine  table.  Various  details  of  the 
interior  cavity  of  the  fixture  are  visible. 

The  lower  left  view  shows  a  typical  back 
plate  with  slot  through  which  electrical 
connections  from  the  unit  exit  to  outside  test 
equipment.  When  the  unit  is  mounted  face  up 
on  a  shaker  or  shock  machine  the  fixture 


surface  facing  the  viewer  is  bolted  to  the 
machine  adapter  plate.  The  electrical  cable 
continues  its  exit  from  the  fixture  through  the 
large  slot  seen  in  the  view  to  the  right.  A 
typical  reach-through  Allen  wrench  is  sho^n 
ready  to  bolt  the  fixture  body  to  its  machine 
adapter  plate,  and  the  extra  bar  is  lying  in 
front  of  the  fixture. 

The  lower  right  view  shows  how  the 
extractor  bar  is  used  to  pull  the  compression 
wedged  back-plate  out  of  the  fixture . 
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Holo-Krome  Socket  Screw  Selector 
Number  1063.  Holo-Krome  Comoany, 
Hartford,  Connecticut.  (A  slide-rule 
device). 


DISCUSSION 


Mr.  Jackman  (General  Dynamics/Pomona): 
It  would  seem  that  with  its  bevel  edges  the  ex¬ 
pense  of  making  this  fixture  would  be  quite  an 
item.  Could  you  tell  us  the  advantage  of  this 
particular  fixture  over  the  more  conventional 
type  for  a  particular  case  ?  You  undoubtedly 
have  made  such  comparisons. 

Mr.  Beecher:  We  have  made  these  com¬ 
parisons  and  the  advantage  is  that  this  one  fix¬ 


ture  can  be  used  for  a  multitude  of  instruments. 
If  it  were  designed  for  a  single  instrument  the 
cost  could  be  prohibitive.  In  one  case  we  have 
used  the  fixture  for  what  may  turn  out  to  be  only 
a  single  unit  for  the  simple  reason  the  instru¬ 
ment  itself  is  critical  on  a  manned  space  vehi¬ 
cle,  and  we  had  no  other  way  to  get  the  partic¬ 
ular  crosstalk  levels.  We  felt  the  item  was 
sufficiently  critical  that  the  cost  was  justified. 
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VIBRATION  EQUIVALENCE:  FACT  OR  FICTION? 


LaVerne  Root 
Collins  Radio  Company 
Cedar  Rapids,  Iowa 


The  idea  of  vibration  equivalence  is  as  old  as  vibration  testing. 

Any  time  we  imply  that  a  laboratory  vibration  test  simulates  the  field 
vibration,  we  have  implied  that  some  form  of  equivalence  exists. 
Therefore,  vibration  equivalence  is  fact. 

Several  of  the  equivalence  theories  are  discussed  in  the  paper  and 
the  controversial  aspects  of  vibration  equivalence  are  outlined.  A 
monograph  on  "Vibration  Equivalence"  is  being  prepared  by  Ccllins 
Radio  Company  under  the  sponsorship  of  the  Shock  and  Vibration 
Information  Center.  The  contents  of  the  monograph  are  outlined  in  the 
paper  and  it  is  shown  how  the  monograph  may  be  used  to  improve  the 
equivalence  between  laboratory  test3  and  field  vibration. 

Opinions  expressed  in  this  paper  are  those  of  the  author  and  they 
are  not  necessarily  the  opinions  of  Collins  Radio  Company  or  the  Shock 
and  Vibration  Information  Center. 


INTRODUCTION 

"Tht  development  of  the  ubiquitous  accel¬ 
erometer  has  enabled  us  to  postulate  a 
numerical  equivalence  (in  units  of  g)  between  a 
laboratory  shock  test  and  a  ride  as  cargo  in  the 
back  of  a  truck,  or  between  a  vibration  test  and 
a  ride  in  a  guided  missile.  But  again,  the 
equivalence  in  each  case  relates  to  a  single  fact 
of  the  two  realities:  the  acceleration  of  a 
single  point  in  a  single  dimension.  If  we  pro¬ 
pose  to  disregard  all  the  other  features  that 
contribute  to  a  tiue  equivalence  -  all  those,  in 
fact,  to  which  we  cannot  ascribe  simple 
numerical  values  -  is  not  our  preoccupation 
with  accuracy  a  little  intemperate?'  [1].* 

The  above  quotation  represents  the  opinion 
of  one  expert  who  would  probably  vote  that 
proposed  vibration  equivalences  are  fiction. 

Other  experts  [2]  would  probably  vote  that  many 
of  the  proposed  equivalences  are  fact.  All 
forms  of  vibration  equivalence,  including  time 
scaling,  are  somewhat  controversial;  but  it  is 
*Nurnb  s  in  square  brackets  refer  to  leferences. 


necessary  to  pursue  the  subject  of  equivalence 
since  exact  duplication  of  use  vibration  is  not 
generally  practical  [3j. 

The  purpose  of  this  paper  is  to  outline  a 
few  of  the  major  equivalences  suggested  in  the 
literature  and  to  try  to  draw  some  conclusions 
on  the  validity  of  the  equivalence  concepts,  A 
secondary  purpose  is  to  contact  other  persons 
interested  in  the  equivalence  problem.  A 
monograph  on  "Vibration  Equivalence”  is  being 
prepared  under  the  sponsorship  of  the  Shock 
aiid  Vibration  Information  Center  and  I  would 
like  to  consider  all  results  either  pro  or  con  for 
inclusion  in  the  monograph. 

TYPES  OF  EQUIVALENCES 

Equivalences  may  be  divided  into  two 
general  types  that  will  be  designated  type  I  and 
type  11.  The  type  1  equivalences  include  those 
equivalences  that  depend  only  on  the  current 
value  of  some  parameter  and  are  independent 
of  the  past  history  of  the  given  parameter. 
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One  of  the  simpler  type  I  equivalences  [4] 
consists  of  a  sire  j  iput  that  gives  an  rms 
response  at  a  sing»;  resonance  that  equals  the 
overall  rms  response  due  to  the  random 
vibration  spectrum.  A  variation  of  the  approach 
[4]  consists  of  a  sine  input  that  gives  an  rms 
response  at  a  single  resonance,  which  is  a 
constant  multiplicative  factor  times  the  rms 
response  at  the  single  resonance  due  to  the 
random  vibration  spectrum.  Correlation  was 
checked  using  both  simpie  mechanical  speci¬ 
mens  and  electronic  equipment.  The  primary 
conclusion  from  the  paper  is  that  substitute 
sine  tests  obtained  using  the  two  methods  are 
probably  unsuitable  for  complex  electronic 
equipment. 

Another  type  I  equivalence  consists  of  sub¬ 
stituting  a  sweep  random  test  for  a  wide-band 
random  test  by  matching  the  distribution  of 
response  peaks  above  some  arbitrary  level  [5]. 
An  electrical  analog  of  a  single  degree  of 
freedom  system  was  used  to  verify  the  distribu¬ 
tions  of  peak  responses. 

A  third  type  I  equivalence  consisted  of  an 
experimental  study  of  the  electrical  noise  caused 
by  various  levels  of  sweep  sinusoidal  vibration 
and  random  vibration  [6].  The  electrical  noise 
at  specific  frequencies  was  cross  plotted  to 
determine  the  degree  of  correlation.  In,  general 
correlation  was  found  to  be  poor. 

The  type  II  equivalences  include  those 
equivalences  that  are  dependent  on  both  the 
current  value  of  some  parameter  and  the  past 
history  of  the  parameter.  The  type  11  equiva¬ 
lences  are  useful  in  accelerating  vibration  tests. 
Although  type  II  equivalences  could  be  based  on 
any  time  dependent  form  of  degradation,  it 
appears  that  all  type  II  equivalences  are  based 
on  fatigue  damage  accumulation. 

One  of  the  earliest  type  II  random-sine 
equivalences  [7]  used  the  Palmgren-Miner 
hypothesis  of  fatigue  damage  accumulation  [8,9]. 
Although  not  dealing  directly  with  random-sine 
vibration  equivalence,  the  paper  includes 
several  fatigue  damage  formulas,  which  have 
been  the  basis  for  a  number  of  papers  on  vibra¬ 
tion  equivalence, 

A  much  later  work  [l 0]  develops  a  complete 
set  of  equivalence  equations  based  on  Palmgren- 
Miner  hypothesis  and  the  Corten-Dolan  hypothe¬ 
sis  [ll]  lor  random,  sine  sweep,  and  sine  dwell 
vibration.  These  equations  are  checked  using 
single  degree  of  freedom  mechanical  test  speci¬ 


mens.  Equations  based  on  the  Palmgren-Miner 
hypothesis  gave  excellent  correlation  between 
the  random,  sine  sweep,  and  sine  dwell  tests 
derived  from  the  field  vibration,  but  the  cor¬ 
relation  between  any  of  the  laboratory  tests  and 
the  field  vibration  test  (two  different  random 
spectrums)  was  poor. 

Many  more  equivalences  of  both  types  have 
been  suggested.  The  bibliography  contains  a 
list  of  recent  papers  on  vibration  equivalence. 
Although  the  list  is  far  from  complete,  it  is 
apparent  that  considerable  interest  in  the  pro¬ 
blem  of  vibration  equivalence  exists. 

AREAS  OF  CONTROVERSY 

Three  primary  areas  of  controversy  exist. 
These  include  random-sine  equivalence,  lab¬ 
oratory  and  field  vibration  equivalence,  and 
accelerated  vibration  tests.  Of  these  areas  of 
controversy,  the  random-sine  equivalences  have 
generated  the  most  heated  discussion.  Many 
papers  [2,  10,  1  ?]  have  obtained  close  correla¬ 
tion  for  random  and  sine  tests  using  a  single 
criteria  such  as  fatigue  damage.  All  of  the 
fatigue  damage  accumulation  hypotheses  are 
simple  models  of  a  complex  phenomena  and  as 
such,  they  fail  to  account  for  order  of  stress 
application,  changes  in  damage  mechanism 
as  damage  accumulates,  and  material  changes. 
The  simplified  models  plus  large  inherent 
scatter  in  fatigue  tests  may  account  for  poor 
correlation  obtained  in  some  papers  [l3,  14] 
based  on  fatigue  damage.  In  cases  where  the 
correlation  has  been  based  on  complex  para¬ 
meters  such  as  electrical  noise  generated  [6], 
the  correlation  has  been  poor. 

The  opinions  expressed  by  various  re¬ 
searchers  on  the  concept  of  random-sine  equi¬ 
valences  range  from  strong  support  to 
complete  disagreement  |^.  Random-sine 
equivalences  do  exist  but  a  single  equivalence 
will  not  account  for  all  types  of  degradation  or 
failure  which  a  single  equipment  might 
experience. 

The  second  area  of  controversy  concerns 
the  equivalence  between  field  vibration  and  lab¬ 
oratory  tests.  Most  laboratory  tests  are  in¬ 
tended  to  determine  the  suitability  of  the  test 
specimen  for  usage  under  field  conditions.  If 
this  is  to  be  done  without  requiring  excessive 
overdesign  of  the  test  item,  the  laboratory'  test 
must  be  equivalent  to  the  field  vibration. 

Experts  are  currently  raising  serious  questions 
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about  test  levels  and  test  methods  being  used. 

The  practices  of  enveloping  measured  field 
data  [l]  and  using  infinite  impedance  mounting 
surfaces  §6)  are  two  items  which  are  being 
seriously  disputed.  The  equivalence  may  be  so 
poor  in  some  cases  that  the  laboratory  test 
becomes  an  overtest  by  an  order  of  magnitude 

§3- 

1  believe  that  the  availability  of  equivalence 
theory  in  a  single  document  will  allow  transla¬ 
tion  of  measured  field  vibration  into  more 
meaningful  laboratory  tests.  The  equivalence 
theory,  plus  a  better  control  of  mechanical 
impedance,  should  allow  considerable  improve¬ 
ment  in  the  equivalence  between  laboratory 
tests  and  field  usage. 

The  third  major  area  of  controversy  is  the 
accelerated  test  or  change  of  time  scale.  Since 
many  test  items  are  exposed  to  vibration 
throughout  their  useful  lives,  it  is  not  possible 
to  maintain  a  unity  time  scale  during  laboratory 
vibration  tests.  This  requires  the  vibration 
level  to  be  increased  in  order  to  reduce  the  test 
time.  In  many  cases,  the  time  scale  must  be 
changed  by  a  factor  of  over  1000,  which  requires 
a  significant  increase  in  the  vibration  level.  The 
techniques  used  in  accelerating  vibration  tests 
are  based  on  simple  models  and  they  generally 
assume  linear  response  of  the  test  item. 
Equivalence  theory  will  not  solve  the  above  txit, 
at  least,  the  limitations  should  be  pointed  out. 

Accelerated  tests,  as  currently  used,  have 
an  additional  controversial  aspect.  The  present 
test  philosophy  is  to  develop  an  accelerated  test 
to  check  the  life  of  the  test  item  and  to  also  use 
the  same  test  levels  to  check  the  operational 
characteristics  of  the  test  item.  This  requires 
that  the  test  item  be  capable  of  satisfactory 
operatic nal  performance  at  vibration  levels 
several  times  higher  than  it  will  ever  see  in 
service.  To  obtain  operational  tests,  the  type  1 
equivalences  should  be  used  rather  than  the 
accelerated  test  levels. 

CONTENTS  OF  THE  MONOGRAPH 

A  number  of  shortcomings  of  the  techniques 
used  in  developing  laboratory  vibration  tests 
have  been  considered.  The  "Vibration  Equiva¬ 
lence"  monograph  will  provide  documentation  of 
the  current  state  of  the  art  in  vibration  equiva¬ 
lence  theory.  The  monograph  will  not  provide 
solutions  for  all  problems  associated  with 
vibration  testing,  but  it  will  allow  a  more 
rational  approach  to  selecting  test  levels. 


The  monograph  will  include  a  discussion  of 
current  technique  for  developing  vibration  tests, 
and  suggestions  for  substituting  equivalence 
theory  in  place  of  current  techniques.  All  known 
papers  on  equivalence  theory  will  be  included  in 
the  annotated  bibliography  and  the  major  papers 
will  be  considered  in  detail  in  the  body  in  the 
monograph.  The  bibliography  attached  to  this 
paper  gives  a  preliminary  listing  of  recent 
equivalence  papers. 

CONCLUSIONS 

Equivalence  theories  exist  for  many  simple 
situations  and  the  author  believes  this  informa¬ 
tion  should  be  readily  available  to  the  test  engi¬ 
neer  responsible  for  developing  laboratory 
vibration  tests.  These  equivalences  will  allow 
the  test  engineer  to  arrive  at  more  meaningful 
tests  if  he  will  break  with  the  current  tradition 
of  trying  to  develop  a  single  test  which  is  every¬ 
thing  to  everybody. 

Vibration  tests  should  be  made  up  of  two 
distinct  tests.  These  two  tests  can  be  any  type 
of  vibration  the  test  engineer  desires,  but  one 
test  should  be  obtained  using  type  I  equivalences 
in  order  to  arrive  at  a  meaningful  operational 
test.  The  second  test  should  use  type  II  equi¬ 
valences  to  arrive  at  an  accelerated  life  test. 
This  approach,  that  is,  separate  operational 
and  life  tests,  differs  from  the  present  philoso¬ 
phy  of  developing  an  accelerated  life  test  and 
using  this  same  test  for  the  operational  test. 

The  equivalence  theory  is  available  in 
current  literature  plus  unpublished  reports. 

The  purpose  of  the  monograph  is  to  make  this 
theory  available  in  a  single  document  and  to 
document  all  relevant  research  on  the  various 
equivalence  theories  proposed. 
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DISCUSSION 


Mr.  Swanson  (MTS  Systems  Corp):  I  found 
the  presentation  rather  interesting  to  see  the 
holy  grail  of  equivalence  being  flashed  before 
our  eyes  once  more .  I  have  seen  this  over  a 
number  of  years .  I  have  studied  random  load 
fatigue  for  sometime,  and  I  think  that  one  of 
the  main  areas  of  lack  of  realism  in  vibration 
testing  is  in  this  quest  for  equivalence.  I  was 
not  quite  sure  which  area  of  equivalence  he 


was  reierring  to  but  he  seemed  to  draw  mainly 
on  the  area  of  fatigue.  In  fatigue  the  initiation, 
the  propagation,  the  location,  the  sites  of 
cracks,  etc.,  all  show  one  pattern  if  you  test 
under  constant  amplitude  conditions  on  even 
program  constant  amplitude  conditions,  but  a 
different  result  with  random  amplitude.  In 
fa',t,  I  have  Just  finished  a  series  of  tests  which 
show  that  repeating  the  same  random  cycle 


over  and  over  again,  where  it  is  a  random  cycle 
of  fair  length,  results  in  an  increase  in  the  life 
by  a  factor  o f  3  or  4  over  that  using  an  infinite 
span,  such  as  you  would  have  with  a  noise  gen¬ 
erator.  So  1  am  just  a  bit  worried  that  we 
should  go  down  this  path  again.  I  think  it  is  a 
mistake,  and  1  would  like  to  take  the  opposite 
side,  and  paraphrasing  Patrick  Henry,  I  do  not 
agree  with  you  -  I  am  not  even  sure  that  I 
would  stake  my  life  on  defending  you. 

Mr.  Root:  Well  put  -  I  am  aware  of  many 
of  these  things  and  perhaps  I  stressed  fatigue 
because  there  do  seem  to  be  more  papers  in 
this  area  and  some  of  the  results  are  quite 
good.  One  of  the  gentlemen  at  Collins  did  a 
study  here  about  3  years  ago  that  compared 
the  random,  the  sine  dwell  and  the  sine  sweep, 
using  both  Palmgren-Minor  and  Corten-Dolan 
hypotheses,  and  obtained  what  we  thought  was 
excellent  correlation.  But  again  this  was  on 
simple  models  -  aluminum  cantilever  beams  - 
so  there  is  an  extrapolation  to  electronic  equip¬ 
ment  or  any  other  type  of  equipment. 

Mr.  Swanson:  The  more  you  test  Corten- 
Dolan,  Palmgren-Minor,  etc.,  the  more  you 
find  its  a  matter  of  coincidence  rather  than 
equivalence. 

Mr.  Mutter  (Boeing  Company):  I  think  one 
must  consider,  that  the  vibration  experts  can’t 
come  up  with  an  equivalence  for  sine-random, 
and  some  of  these  other  parameters.  Often 
the  designers  are  in  worse  shape  than  we  are, 
so  I  think  we  need  to  investigate  any  possibility 
of  a  sine-random  equivalence  or  any  other 
equivalence  to  assist  the  designer  who  has  less 
background  than  we  do .  He  is  trying  to  come 
up  with  a  meaningful  design  on  his  hardware 
to  survive  in  the  environment  to  which  his  equip¬ 
ment  will  be  subjected.  So  I  don’t  think  we  can 
blindly  say  let’s  not  go  down  that  path  again. 

I  think  we  need  to  do  what  we  can  to  try  to  help 
the  designer  in  his  efforts. 

Mr.  Beecher  (Lear  Siegler):  I  agree  with 
the  last  speaker.  1  ha'1  a  case  to  investigate 
random  noise  on  a  muitidegree  of  freedom 
system.  I  spoke  very  briefly  on  this  topic  four 
years  ago.  1  found  that  even  if  we  partition 
random  noise  -  say,  if  it  is  a  2000  Hz  spectrum 
and  we  have  a  shaker  that  we  do  not  want  to 
overload,  and  we  apply  only  500  Hz  at  a  time, 
breaking  the  spectrum  up  into  three  or  four 
groups,  we  do  not  get  the  same  response  in  the 
test  item  if  you  measure  it  with  an  acceler¬ 
ometer.  1  refer  to  a  relatively  simple  test  item 
such  as  a  rectangular  plate  fixed  at  the  edges. 
You  do  not  get  the  same  responses  that  you  do 
if  you  apply  the  entire  2000  Hz  random  spec¬ 


trum  at  once,  let  alone  the  question  as  to  whether 
you  can  simulate  that  adequately  with  sine  test. 
Again,  1  agree  with  the  last  speaker  -  the  most 
useful  application  of  equivalence  is  to  give  a 
designer  some  handle  on  his  problem,  rather 
than  as  a  testing  device. 

Mr.  Swanson:  The  whole  idea  of  seeking 
equivalence,  I  believe,  is  implicit  with  the 
assumption  that  we  are  not  able  to  generalize 
on  random  processes,  and  this  is  just  not  true 
any  longer.  Ten  years  ago  it  was  true,  but  now 
one  can  generalize  with  PSD  and  RMS  simu¬ 
lations.  1  honestly  think  that  by  using  gener¬ 
alized  random  processes  and  harmonic  analysis 
it  is  not  necessary  to  go  back  to  these  deter¬ 
ministic  signals  when  you  liave  a  problem  that 
is  vitally  important  and  you  should  really  simu¬ 
late  the  proper  environment,  because  you  can 
generalize  that  environment. 

Mr.  Root:  I  believe  you  missed  one  of  the 
key  points  that  the  random  sine  equivalence  is 
only  part  of  it.  Now  the  accelerated  testing  is 
another  major  problem. 

Mr.  Verga  (Hazeltine  Corp.):  Perhaps  one 
of  the  most  popular  problems  of  equivalence  in 
vibration  is  estimating  from  the  levels  in  the 
field,  the  levels  to  be  used  in  the  test  room. 

For  instance,  ore  finds  resonances  of  a  system 
and  dwells  w't!i  the  prescribed  test  levels  at 
those  resonances.  What  happens  many  times  - 
and  this  causes  many  arguments  -  is  that  a 
system  has  different  chassis  which  have  dif¬ 
ferent  resonances.  If  two  of  these  chassis  have 
resonances  at  frequencies  within  one  Hz,  the.i 
the  best  technician  would  just  dwell  at  one 
resonance,  for  1/2  hour,  say.  If  on  the  other 
hand,  the  resonances  of  these  two  separate 
systems  in  the  major  system  differed  by  as 
much  as  2  or  3  Hz,  then  the  technician  would 
proceed  by  dwelling  at  say  x  frequency  for  1/2 
hour,  and  x  +  flf  frequency  for  another  1/2  hour. 
This  could  be  looked  upon  as  simulating  almost 
twice  as  much  damage  in  that  system.  The 
specifications  do  not  say  anything  as  to  how  to 
separate  one  natural  frequency  from  another. 

This  might  be  one  consideration  to  study. 


Mr.  Root:  This  is  probably  not  a  point  that 
we  will  answer  in  the  monograph  but  we  cer¬ 
tainly  can  try  to  tell  you  how  vo  pick  these  sine 
dwell  levels,  so  that  they  are  more  reasonable. 
Rather  than  measuring  a  level  in  the  field, 
which  is  preb  'My  changing  frequency,  and 
then  applying  it  as  a  dwell  level  there  should 
be  again  an  equivalence,  providing  it  is  sinus¬ 
oidal  in  the  field  and  a  sine  dwell.  But  as  to 
tne  question  of  one  resonance  dwell  versus 
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the  two  dwells  at  closely  spaced  frequencies, 
we  can  not  answer  that. 

Mr.  Gettle  (TRW):  The  two  people  wM 
suggested  that  finding  equivalence  would  be  a 
great  boon  for  the  designer  seem  to  be  im¬ 
plying  that  the  designer  knows  exactly  how  to 
design  for  sinusoidal  input  and  that  random 
input  is  a  terrible  mystery  to  them.  I  submit 
that  this  is  nonsense.  He  does  not  know  how  to 
design  for  sinusoidal.  And  he  knows  how  to 
design  for  random  as  well  as  he  knows  how  to 
design  for  sinusoidal. 


Mr.  Root:  Probably  the  only  point  here  is 
that  he  may  have  a  larger  backlog  of  exper¬ 
ience  with  sinusoidal,  and  certainly,  given 
time,  he  will  be  able  to  design  as  well  f o  ran¬ 
dom  from  this  experience. 

Mr.  Mutter:  I  guess  I  need  some  of  his 
designers  on  my  team.  I  think  what  the  de¬ 
signer  normally  can  do  is  convert  the  sine 
levels  into  an  equivalent  static  load,  and  he 
does  not  have  quite  the  same  finesse  in  trying 
to  convert  the  random  environment  to  an  equi¬ 
valent  static  laid. 


'PROVIDING  REALISTIC  VIBRATION  TEST  ENVIRONMENTS 
TO  TACTICAL  GUIDED  MISSILES." 


K.  R.  Jackman*  and  H.  L.  Holt** 
General  Dynamics 
Pomona,  California 


Emphasis  has  been  placed ,  during  the  last  several  years  in  more  realistic 
laboratory  simulation  of  flight  and  ground-imposed  environments  on  complete 
missiles  or  airplanes ,  and  also  at  the  component  level.  This  is  emphasized  by 
the  more-rigorous  evaluation  of  flight  Instruments,  as  units,  and  as  finally  as¬ 
sembled  at  missile  level,  to  environments  reflected  from  flight  telemetry  and 
as  Imposed  during  ground  handling.  The  Intermediate  or  "section"  level  of 
testing  experimental  and  tactical  guided  missiles  has  not  received  its  just 
emphasis,  as  a  quality-assurance  tool  to  guarantee  missile  adequacy  for 
service,  for  better  reliability. 

This  paper  provides  descriptive  information  on  functional  and  test  capabilities 
of  the  environmental  equipment  for  quality-assurance  testing  a  medium-sized 
missile  "section"  assemblies  at  Pomona,  California,  as  developed  by  General 
Dynamics ,  Pomona  Division. 


BACKGROUND 

The  design  of  a  good  environmental  test  program 
must  be  based  on  firmly  established  design  require¬ 
ments.  Likewise ,  good  engineering  practice  requires 
that  prior  to  design  release  of  the  missile ,  assur¬ 
ance  of  satisfactory  performance  in  the  intended  en¬ 
vironment  be  demonstrated  by  laboratory  tents . 

A  quick  review  will  be  made  of  test  philosophies 
adopted  over  the  last  few  years  by  most  missile  and 
aircraft  oompanles  in  the  United  States ,  at  least  to 
some  degree  in  early  design  stages. 

George  E.  Padgett,  Structural  Dynamics 
specialist  at  General  Dynamics /Pomona,  contributed 
1  valuable  review  of  envir  mmental  test  criteria  In  a 
paperl  before  the  I.E.S.  lai  t  April  1968  in  St.  Louis, 
Missouri.  He  clearly,  and  wi'h  examples,  pointed 
out  that  the  development  of  s  ,und  environmental 
design  criteria  and  test  requirements  requires  a 
definition  of  both  the  life  history  profile  for  an  item, 
as  well  as  the  specific  environmental  conditions  as¬ 
sociated  with  each  portion  of  the  history  profile. 

The  life  history  profile  includes  all  events  from  pro¬ 
duction  of  an  item  to  end  use ,  and  can  be  divided 
readily  into  phases.  Five  such  typical  phaees  for  a 
taotlcal  guided  missile  may  be; 


1.  Production  and  Assembly 

2.  Logistics 

3.  Tactical  Storage 

4.  Ready  Service 

a.  Captive  FUght 

b.  Field  Transportation  and  Handling,  or 

c.  Shipboard 

5.  Free-Fllght  to  Target  Intercept. 

Each  of  the  above  portions  of  the  life  of  a  missile 
may  be  Influenced  by  a  wide  variety  of  environmental 
conditions,  appearing  singly  or  in  combination,  and 
depending  upon  the  type  of  missile,  service  use, 
launch  method,  geographical  area  of  use,  and  many 
other  factors.  Realistic  test  environments  may  in¬ 
clude  shock,  vibration,  acoustic  noise,  steady  accel¬ 
eration,  temperature,  humidity,  pressure,  solar 
radiation,  salt  fog,  rain,  hail,  dust,  sand  and  others. 
Padgett  clearly  pointed  r-t  that  the  relative  impor¬ 
tance,  or  damage  potential,  of  each  of  these  environ¬ 
ments  is  different  for  each  phase  of  the  life  history 
profile. 

REALISTIC  VIBRATION  TEST  ENVIRONMENTS 

Since  one  of  several  vibration  environments  is 
usually  critical  on  missile  structure  and  delicate 
electronic  equipment,  for  simplicity  this  environment 
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will  be  considered  on  a  typical  "medium-sized"  mls- 
slle  throughout  this  paper.  The  levelc  and  durations 
for  tlie  same  environmental  category,  auch  as  vibra¬ 
tion,  may  vary  widely  with  the  different  phases  of  the 
life  history  profile.  For  Instance,  using  a  hypothet¬ 
ical  air-’aunched  guided  missile  as  an  example,  the 
vibration  levels  encountered  during  the  lo^g -duration 
captive  flight  phase  are  usually  much  lower  than  those 
imposed  during  the  shorter-duratlon  free-fllght  phase 
and  the  frequency  spectrum  may  differ  significantly 
for  the  two  phases.  Another  faotor  which  must  be 
cor  aider  ed  Is  whether  the  Item  must  function,  have 
war-i-up  power  applied,  or  be  turned  off  during  the 
particular  test  phase,  Padgett  emphasized  the  need 
of  considering  test  equipment  capability  in  defining 
realistic  environmental  requirements.  To  assure 
adequate  test  requirements,  the  profile  phase  dura¬ 
tion,  the  Item  operational  requirements,  and  the 
associated  environmental  conditions  must  he  con¬ 
sidered;  requiring  the  environmental  specialist  to 
work  closely  with  the  designer,  system  engineer, 
operations  analyst  and  the  test  engineer. 

This  paper  Is  divided  into  two  sections.  In  the 
first,  problems  confronting  a  manufacturer  of  a 
radlcally-new  experimental  missile  will  be  dis¬ 
cussed,  from  early  engineering  to  small-scale 
production.  In  the  light  of  test  requirements  to 
prove  adequacy  and  reliability  of  the  design.  The 
"pros"  nad  "cons"  of  testing  missiles  at  "sectlon- 
luvel"  and  at  all-up  "missile  round"  level  will  be 
reviewed..  Since  "section-level"  testing  of  missiles 
offer  many  advantages,  the  second  part  of  this  paper 
will  illustrate  how  one  missile  manufacturer,  General 
Dynamics  at  Pomona,  California,  uses  temper  attire 
and  vibration  testing  of  missile  "sections , "  on  the 
production  line,  to  Quality  Control  production. 

HOW  SHOULD  MISSILE  PARTS  BE  TESTED? 

Here  Is  a  policy  point  on  which  there  Is  no  com¬ 
mon  denominator,  either  between  companies,  or  In 
fact  is  there  uniformity  of  test  opinion  within  a 
given  company.  So  as  to  review  this  teat  policy  of 
"secllon"  versus  "round-level"  evaluation  In  an 
unbiased  manner,  the  author  has  collected  some 
facts  based  upon  his  long  experience  In  testing  air¬ 
craft  and  missiles,  together  with  thoughts  of  engi¬ 
neers  and  production  men  actively  engaged  in  mis¬ 
sile  manufacture  and  flight  testing. 

"BANG"  MISSILE  BUILT  BY  THE  NEW  "HITTLE 
COMPANY" 

Basic  assumptions  of  policy,  activity,  and  opera¬ 
tion  of  this  "Hlttle  Company"  must  be  reviewed  prior 
to  analyzing  their  test-level  potential.  These  are 
as  follows: 


1.  Engineering  Department  of  "Hlttle  Company" 
has  developed  this  new  design  for  the  "Bang" 
missile. 

2.  They  have  accumulated  a  minimum  quantity 
of  flight  environmental  data  from  a  few 
flights  of  "Lainioh  Test  Vehicles"  (LTV’s), 
and  "Control  Test  Vehicles"  (CTV's),  with 
adequate  telemetry  test  data. 

3.  Both  budgets  and  manpower  are  somewhat 
limited,  but  adequate  for  the  "Hlttle 
Company"  to  produce  "Bang"  through  engi¬ 
neering  evaluation,  prototype  flight  teats, 
"pilot  line"  pr  oduction  and  into  limited  pro- 
duct.on  of  the  "Bang"  missile  at  medium 
production  rate. 

4.  "Bang"  Is  a  "medium-ulzed"  missile,  capa¬ 
ble  of  subdivision  Into  5  or  6  distinct  "sec¬ 
tions,"  each  complete  In  function  within 
Itself  and  therefore  capable  of  Independent 
"section-level"  tests. 

5.  Test  requirements  for  the  "Bang"  missile 
are  realistic ,  and  clearly  defined  by  the 
"customer"  to  the  "Hlttle  Company,"  and  by 
the  fllght-tast  analysts  to  the  test  engineers. 

6.  Communications  and  technical  decisions  are 
rapid  and  decisive  between  representatives 
of  the  prime  contractor,  the  Hlttle  Company), 
their  !' ubcoutractora ,  and  the  "customer." 

7.  Unfortunately,  some  conventional  schedule 
slippages  have  occurred  in  early  design, 
factory  release ,  and  even  in  production 
schedules  of  tuls  young  company. 

8.  The  usual  priority-definition  problems  exist 
in  the  Hlttle  Company,  as  in  their  competi¬ 
tors,  and  demand  for  early  sections  cause 
the  usual  problems  In  experimental  engi¬ 
neering,  production  groups,  and  contracted 
flight  obligations,  due  to  very  tight  delivery 
schedules  of  "pilot"  and  "tactical"  missiles. 

9.  Conventional  design  and  engineering  evalu¬ 
ation  program  schedule  "over-runs"  exist, 
such  that  the  "contracted"  test  time  Is 
seriously  shortened,  with  dwindled  budget 
aval  lab  lUty. 

10.  Fortunately,  there  are  minimal  changes  by 
the  "customer"  In  the  "contract  obligations" 
during  the  first  years  of  the  experimental 
engineering  phase,  In  so  far  as  lest  pro¬ 
grams  effects  are  concerned. 
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b.  Disadvantages 


11.  Product,  on  sampling  and  quality  aseuranc  j 
tests  on  be  "Bang"  missile  are  specifically 
for  product  manufacturing,  material  and 
functional  shop  test  control,  and  are  not 
designed  for  engineering  evaluation  of  In¬ 
corporated  "late  changes. "  All  major 
engineering  redesigns,  duo  to  Incompati¬ 
bility  of  "interfaces"  of  sections,  flight 
failures  and  corrections,  and  changes  in 
"check-out"  procedures ,  rre  evaluated  by 
the  repetition  of  engineering  evaluation 
tests  (EET),  and  possible  by  a  new  design 
evaluation  tes.  (DET)  for  "customer"  ap¬ 
proval,  e.  her  at  the  affected  "section- 
level,"  or  the  total  missile  "round. " 

With  the  above  operational  characteristics  of  the 
"Hlttle  Company"  and  Its  "Bang"  missile,  It  should 
now  be  possible  to  analyze  the  advantages  and  dis¬ 
advantages  of  performing  tests  for  engineering  evalua¬ 
tion  and  for  production  control. 

A.  Engineering-Evaluation  Tests  and  Parameter 
Confirmation  (based  on  five  (5)  experimental 
Items  and  fifty  (50)  In  "pilot-line"). 

1.  Missile  "Round- Level"  Tests 

a.  Advantages 

(1)  Tests  of  final  configuration,  all-up 
missiles  give  total  functional  ef¬ 
fects,  with  "Interface"  compati¬ 
bility. 

(2)  Fewer  parameters  to  be  measured 
in  closed-system,  hence  tests  are 
cheater  per  specimen. 

(?)  Specifications  dictated  by  the  cus¬ 
tomer  are  for  the  total  assembled 
missile ,  and  are  therefore  easily 
applied  to  test  programs. 

(4)  Confidence  level ,  at  missile  level , 
is  raised  by  overtesting  In  environ¬ 
ments  known  realistically  to  exist. 

(5)  The  missile  system  Is  working, 
within  boundary  parameter  toler¬ 
ances,  as  a  total  functioning  sys¬ 
tem,  during  the  application  of 
environmental  extremes. 

(6)  Assurance  Is  developed  by  the  mis¬ 
sile  passing  the  assembled -"round" 
test  In  environments.  This  also 
demonstrates  "fly-away"  opera¬ 
tional  capability ,  within  the  best 

of  ground  test  methods. 

(7)  Test  equipment  and  test  station 
costs,  for  a  "single"  test  station, 
using  assembled  missiles,  will 
probably  be  less  expensive  than 
providing  a  test  station  for  each 
of  several  "sections." 


(1)  Full  parametric  evaluation,  at 
"all-up  missile"  level,  is  difficult 
due  to  few  external  test  points. 

(2)  Costly  schedule  delayB  and  "crash" 
failure  corrections  will  be  caused 
by  major  failures  during  "round- 
level"  testing  late  In  an  experi¬ 
mental  development  program;  this 
may  delay  retrofits  Into  pilot-line 
mlsslleB. 

(3)  Usual  and  unavoidable  engineer  ing 
changes  In  the  first  few  flight  mls- 
slles ,  as  the  program  develops , 
make  early  formal  missile  tesf.f  In 
all  critical  environments  suMect  to 
expensive  retests. 

(4)  The  time  delay  In  obtaining  one  to 
three  complete  missiles,  for  Initial 
tests,  can  prove  critical.  The 
sample  size  Is  too  limited,  and  the 
expense  per  missile  is  great.  At 
least  three  (3)  missile  rounds  are 
desirable  for  statistical  evaluation 
but  seldom  more  than  one  "all-up" 
missile  is  available ,  with  few  spare 
parts. 

(5)  If  later  production  demands 
"section-level"  testing  to  meet  pro¬ 
duction  schedules ,  early  plans  must 
be  made  to  include  this  type  of 
testing. 

(6)  Difficulty  exists  in  selecting  ground 
tests  to  duplicate  critical  service 
conditions  and  environments  In  all 
areas  of  missile.  Tests  might 
represent  only  "overall"  condi¬ 
tions,  and  not  critical  parameters 
for  some  systems. 

2.  Missile  "Section  Level"  Tests  -  Engineer¬ 
ing  Evaluation  Phase 

a.  Advantages 

(1)  Individual  test  specimens  of 
"sections"  are  much  cheaper ,  as 
hardware ,  than  the  assembled  mis¬ 
siles. 

(2)  "Section-level"  hardware  is  easier 
to  handle,  smeller ,  md  therefore 
easier  to  put  through  accurate 
environmental  tests. 
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(3)  Evaluation  testa  are  desirable  at 
the  "lowest  Indenture"  level  prac¬ 
tical.  Under  normal  conditions , 
and  In  some  missile  designs,  the 
"section -level,"  each  Involving 
complete  functioning  systems ,  are 
the  lowest  entity  breakdown  capa¬ 
ble  of  withstanding  realistic  appli¬ 
cation  of  specified  environmental 
test  requirements. 

(4)  Because  of  early  availability  of 
"stations,"  it  is  desirable  that 
responsible  designers  use  this 
functioning  level  both  without  and 
with  critical  environments ,  to 
screen  and  confirm  their  designs , 
as  breadboards,  prior  to  final  as¬ 
sembly  of  missiles. 

(5)  Earlier  availability  of  "sections" 
also  permit  early  detection  of 
faults ,  with  consequent  more  rapid 
correction,  and  prevention  of  later 
more  expensive  retests. 

(6)  For  given  critical  "sections,"  more 
hardware  can  be  tested,  in  short 
scheduled  test  periods ,  with  more 
test  data  points,  and  therefore  with 
greater  confidence  with  early  test 
results  and  in  the  final  mission 
reliability. 

b.  Disadvantages 

(1)  Interface  integrity  at  "section- 
level,"  and  practical  interchange- 
ability  problems  ,  cannot  be  deter¬ 
mined  by  individual  section  tests. 

(2)  Difficulty  and  lack  of  accurate 
transfer  functions  exist  in  extrapo¬ 
lating  from  known  missile  parame¬ 
ter  requirements  to  "section-level" 
test  parameters.  Hence  real  dan¬ 
ger  unknowingly  exist  in  "overte  st¬ 
ing"  or  undertesting  hardware. 

(3)  Adequate  test  facilities  are  seldom 
available  for  "section-level"  hard¬ 
ware,  early  in  experimental  and 
pilot-lot  production ,  to  duplicate 
critical  environments  in  ground 
testing. 

(4)  Functional  and  environmental  tests, 
on  all  the  "sections"  of  a  missile 
round,  are  considerably  more 
costly  than  when  integrated  into  the 
final  "all-up"  missile.  This 


greater  expense  extends  to  duplica¬ 
tion  of  test  facilities  to  meet  spe¬ 
cific  "section"  parameters,  more 
environmental  test  facilities  to  ac¬ 
commodate  tight  and  overlapping 
test  schedules,  and  more  personnel 
to  run  the  simultaneous  testing  on  a 
carefully  scheduled  basis.  How¬ 
ever  ,  multiple  tests ,  of  more  than 
one  section  soaked  in  environment 
at  one  time,  can  reduce  costs. 

(5)  Proper  long-term  planning,  for 
primary  testing  on  the  "Bection- 
level"  policy ,  is  considerably  more 
costly  and  requires  greater  lead- 
time  in  planning,  procurement, 
set-up,  check-out  and  compatibility 
testing  with  hardware,  than  can 
usually  be  tolerated  in  urgent  ex¬ 
perimental  miBBlles.  Consequently, 
rapidly-conceived  "Jury-rlgB,"  for 
testing  early  Bectlon  adequacy , 
many  timeB  prove  Inadequate  to 
meet  final  missile  parameters,  with 
resulting  test  and  redesign  and  re- 
test  problems  occurring  late  In 
experimental ,  and  even  in  pilot-line , 
missiles. 

(6)  Present  day  greater  use  of  solid- 
state  electronic  circuitry,  with 
resulting  low-voltage  power  sup¬ 
plies,  1b  prone  to  produce  unreal¬ 
istic  parameters  at  "Bectlon-level" 
evaluation,  Bince  "overall"  func¬ 
tions  with  the  section  "looklng-into" 
realistic  impedances  and  full-length 
cable  harnesses  are  seldom  accur¬ 
ately  duplicated.  This  aspect  of 
"open-loop"  section-level  testing, 
as  compared  with  "close-loop" 
testing  of  missile  round,  must  be 
faced  as  a  early  test  policy  decision 
in  the  program-planning  and 
contract-signing  stage,  years  before 
expected  "pilot-line"  runs,  in  order 
to  have  sufficient  funds  and  test 
hardware  "lead-time,"  and  to  pro¬ 
vide  adequate  impedance  matching 
between  early  "section-level"  and 
la*-r  formal  "round-level"  hard¬ 
ware  and  tests. 

(7)  Difficulty  exists  In  contriving  evalu¬ 
ation  tests,  even  at  the  "section- 
level"  functional  systems ,  to  affect 
all  vital  elements  of  the  system  in 

a  manner  expected  in  flight  and 
service  life.  For  this  reason,  ade¬ 
quate  and  realistic  evaluation  of  all 
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parts,  components,  modules,  and 
sub-section  assemblies  Is  expected, 
and  vitally  necessary,  prior  to  all 
"section-level"  test  programs. 

B.  Production-Quality  Assurance  and  Assessment 
(anticipating  a  small  tactical  missile  contract  at 
75  mlsslles/month). 

1.  Missile  "Round- Level"  Tests 


a.  Advantages 

(1)  Periodic  missile  test  programs 
Including  Quality  Assurance  Envi¬ 
ronmental  Test  (QAET)  and/or 
Periodic  Conformance  Inspection 
(PCI),  Production  Proofing,  or 
MET  Is  desirable  at  "round-lsvsl" 
to  check  manufacturing  assembly 
parts,  components,  and  instru¬ 
ments,  and  to  detect  any  changes 
In  material,  workmanship  and  in 
fabrication  on  production  tooling 
that  may  result  In  adverse  changes 
In  missile  characteristics  or  lack¬ 
ing  capability  to  mset  realistic 
service  functional  and  environ¬ 
mental  requirements. 


(2)  Only  a  few  "critical"  environments , 
applied  at  "round-level"  singly,  or 
In  combined-environment  tests ,  as 
determined  minimum  by  D. E.T. 
and  previous  engineering  evaluation 
tests,  can  be  applied  for  overall 
functioning  system  appraisal. 
Limited  parameter  determinations , 
on  ths  final  tactical  product  will 
give  functional  and  contractual 
assurance  of  adequacy  prior  io 
delivery  to  customer. 

(3)  Production  mlsslle-level  testa  con¬ 
firming  effects  of  critical  parame¬ 
ters  with  and  without  critical  en¬ 
vironment*  ,  and  permitting  early 
failure-diagnosis,  correction,  and 
retest,  cai.  be  compared  directly 
with  Initial  engineering  evaluation 
testa  and  "D.E.T."  If  teat  facul¬ 
ties  and  test  techniques  between 
Engineering  and  Production  Labo¬ 
ratories  are  similar  and  compati¬ 
ble. 


(4)  Periodic  tests  of  production  missile 
"round-level"  hardware  after  "sell- 
off"  and  ready  for  delivery  to  cus¬ 
tomer  and  passing  a  minlm«m- 
acceptabUlty  level  for  adequate 
service  life  wUl  give  added  statis¬ 
tical  relalblllty  and  confidence  In 
the  design  to  ths  "too-smaU"  engi¬ 
neering  evaluation  sampling. 

(5)  Production  missile  "round-level" 
tests  are  far  less  cosUy  than  the 
more-complsx  multiple  "Bectlon- 
levcl"  tests ,  and  highly  desirable 
If  production  schedules  will  permit 
"periodic"  withdrawal  and  subse¬ 
quent  delayed  delivery  schedules  on 
several  Q.A.E.T  mlssUes. 

(6)  Adequate  "product-proofing"  at 
missile  "round-level"  with  firm  and 
final  hardware  using  production  c/o 
methods  is  necessary  for  "toler¬ 
ances"  determination  at  ambient 
and  under  critical  environments. 
This  produces  a  final  chsck  to  com¬ 
pare  to  D.E.T.  results  prior  to 
production  mlssUe  manufacture  and 
assures  overall  system  adequacy 
determined  by  QAET  review  and 
realistic  screening  (without  and  with 
critical  environment)  at  part,  com¬ 
ponent,  Instrument,  module,  plate, 
and  section  levels. 

(7)  Sometimes  mors  confidence  and 
higher  reliability  factors  can  be 
obtained  by  testing  missile  "rounds" 
through  periodic  engineering  evalu¬ 
ation  tests  (EET)  using  the  basic 
"DET"  test  facilities  and  experi¬ 
enced  test  personnel,  thus  provid¬ 
ing  a  systematic  review  of  param¬ 
eters  under  critical  environments 
which  would  not  fall  within  the 
scope  of  a  missile  level  QAET. 

Such  tests,  on  previously  approved 
facilities,  Insures  compatibility  of 
setups  and  direct  comparison  of 
tsst  results. 

(8)  Production-level  tests  on  missile 
rounds  to  evaluate  "simulation, " 
"stimulation,"  and  "operation"  of 


t 


4 


199 


all  deliveral/ie  missile  hardware 
may  be  adequately  determined  by 
any  or  all  of  a  series  of  techniques 
known  as  "P.  L.  1.  "  (Pilot- Line- 
Inspection),  "M.E.T.  "  (Manufac¬ 
turing  Evaluation  Test),  "Q.A.E.T. " 
(Quality  Assurance  Evaluation  Test), 
and  others  described  hereafter. 

b.  Disadvantages 

(1)  Serious  manufacturing  or  material 
problems  "flagged"  by  production 
missile  "round"-level  periodic 
testing  result  in  failure  diagnosis, 
repair,  and  retest  at  "section- 
level"  either  on  experimental  (EET) 
section-test  equipment  or,  if  avail¬ 
able,  on  production-type  QAET 
section-test  equipment.  Dual  tests , 
if  critical  failur  es  are  possible  or 
anticipated  at  missile  or  "section- 
levels,"  are  costly  and  cause  seri¬ 
ous  production  schedule  slippages. 

(2)  Hardware  problems  at  the  missile 
"round-level"  usually  occur  in 
"tight"  contractual  flight  delivery 
schedules  in  that  QAET  missiles 
with  final  checkout  papers  are 
scarce  and  a  high  priority  must  be 
maintained  by  the  Quality  Control 
Department  over  flight  deliveries 
if  continuous  and  periodic  evalu¬ 
ation  of  production  is  maintained. 

(3)  If  customer  control  on  the  missile 
contractor  is  maintained  in  the  pro¬ 
duction  phase,  by  "lot-bonding"  of 
groups  of  finished  missiles  and  de¬ 
lay  of  delivery  until  "lot-sampling" 
missiles  have  passed  the  QAET,  any 
failure  on  a  missile  affecting  ad- 
verselv  a  required  critical  param¬ 
eter  will  require  correction  and 
retest  until  satisfactory  results 
have  been  obtained.  The  program¬ 
ming  and  scheduling  of  this  type  of 
task  must  Include  consideration  of 
the  short  time  constant  corrective 
action  Implementation  which  can 
result  in  economic  Inefficiencies 
and  consequent  undesirable  person¬ 
nel  loading  factors.  Such  action 
prevents  the  "crash"  test  program 
(3  shifts,  round-the-clock,  7  days 

a  week)  which  proves  iio  costly  in 
costs  and  schedules. 


(4)  Production  test  policies  at  missile 
and  section  levels  should  be  crys¬ 
tallized  and  actuated  early  in  the 
experimental  engineering  phase 
(preferably  during  missile  contract 
pre-design  and  contract-negotiation 
phases). 

2,  Missile  "Section- Level"  Tests  —  Production 

Quality  Assurance 

a.  Advantages 

(1)  Production  of  a  vitally-needed  tac¬ 
tical  missile  even  on  an  initially 
"small-scale"  basis  (say  75  missiles 
per  month),  requires  test  facilities 
at  "section-level"  to  determine 
rapidly  the  "go-no-go"  characteris¬ 
tics.  With  adequate  lead-time  and 
test  budgets  anticipated  and  approved 
such  automated  "QAET"  test  equip¬ 
ment  can  be  ready  cu  time  to  meet 
production  hardware  availability 
schedules  for  section  uniformity 

and  interchangeability  control. 

(2)  Since  "section-level"  sampling  can 
be  made  earlier  in  production 
(shortly  after  "pilot-line"  sections 
have  been  evaluated  and  produced 
with  necessary  engineering  changes 
Incorporated)  and  each  section  speci¬ 
men  is  cheaper  than  the  total  missile , 
greater  numbers  of  "sections"  pass¬ 
ing  through  "section-level"  tests 
(QAET  or  engineering  evaluated 
problem  areas)  give  greater  confi¬ 
dence  to  designers  and  customer , 
and  provides  a  higher  anticipated 
reliability  statistical  record. 

(3)  The  failure  of  one  specimen,  in  a 
"lot-bonded"  production  "section- 
level"  program,  is  easier  to  rectify 
than  at  missile  "round-level . " 
easier  to  retest  if  automated  QAET 
test  equipment  is  available ,  and 
quicker  to  release  "lot"  for  final 
assembly  of  missiles.  This  makes 
a  more-rapid  return,  at  "section  - 
level"  sampling,  to  normal  produc¬ 
tion  schedules,  even  with  inter¬ 
mittent  failures  and  "bonded-lot" 
retests,  than  is  normally  possible 
at  "missile-level." 

b.  Disadvantages 

(1)  Quality  Control  by  testing  all  sec¬ 
tions,  on  a  periodic  basis ,  especially 
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11  section-level  lot  bonding  has  been 
negotiated  by  the  customer,  In 
multiples  of  five  or  ten  tests  per 
section,  and  with  probable  failures 
and  retests ,  Is  an  expensive  oper¬ 
ation.  The  "pros"  and  "cons"  of 
the  need  for  elaborate ,  automated 
"section- level"  test  facilities , 
times  the  number  of  different  sec¬ 
tions  tested,  should  be  evaluated 
o  are  fully  with  the  customer  early 
In  the  contract  phase  of  the  engi¬ 
neering  experimental  contract  - 
and  balanced  against  the  blgh  ex¬ 
penditures  necessary  e  ver  a  two- 
year  lead  time  prior  to  the  availa¬ 
bility  of  the  first  QAET  section 
hardware. 

(2)  The  Implementation  of  an  environ¬ 
mental  assessment  program  sucb 
as  QAET,  Involving  "section  level" 
tests  requires  that  automatic  sec¬ 
tion  level  test  equipment,  adapted 
for  environmental  testing,  be 
planned,  developed  and  delivered 
prior  to  program  execution.  Sucb 
test  Instrumentation  must  be  de¬ 
signed  to  provide  adequate  correla¬ 
tion  with  that  test  equipment  used 
In  RDT  and  EET  test  phases,  thua 
permitting  the  correlation  of  hard¬ 
ware  failures  In  QAET  with  an  ln- 
depth  data  base  established  In  the 
R&D  and  Pilot  phases.  Failure  to 
adhere  to  this  type  of  planning  can 
only  result  In  unnecessarily  high  pro¬ 
duction  coats  as  the  QAET  program 
Is  Initiated  with  It's  last  minute 
"Jury-rigged"  or  "borrowed"  EET- 
type  equipment.  In  many  Instances, 
sevoral  years  of  advance  thought  and 
planning  la  necessary  to  provide 
adequate  automated  test  equipment. 

(3)  Missile  "section-level"  tests, 
planned  on  automated  "go-no-go" 
basis ,  requires  relatively  large 
factory  floo’*  areas,  near  the 
missile  "check-out"  production 
area,  for  the  many  pieces  of  test 
equipment  required  In  functional 
and  environmental  evaluation  tests 
on  all  sections.  Sucb  an  area,  In 
a  vital  production  location,  much 
exceeds  sucb  a  QAET  area  at 
missile  "round-level. "  The  cost 
of  this  large  test  area,  together 
with  more  "section-level"  test 
equipment,  more  environmental 
test  facilities ,  and  more  manpower 


for  QAET,  makes  this  program 
costly  but  very  desirable  for  control 
of  production  missiles. 

DEFINITIONS  OF  TEST  CONTROLLING  MISSILE 
INTEGRITY  AND  FUNCTION 

Sevoral  types  of  tests  have  been  referred  to  above; 
i.e.,  "DET,"  "QAET,"  etc.  These  may  havedlf- 
ferent  meanings  to  various  readers.  To  avoid  con¬ 
fusion,  simple  (and  possibly  too  limiting)  definitions 
are  given  in  tbe  Appendixes  I  and  II. 

Fig.  1  shows  the  correlation  of  various  tests  re¬ 
quired  in  the  engineering  and  production  phases  of  a 
weapon  system.  A  distinction  between  the  develop¬ 
ment  and  evaluation  tests  bas  been  noted. 

RESULTS  OF  ENGINEERING  SURVEYS  MADE  BY 
THE  "KITTLE  COMPANY"  ON  THE  "BANG"  MISSILE 

Fortunately,  tbe  engineering  management  of  the 
"Hittle  Company"  In  early  contract  negotiations  and 
engineering  pre-design  phases,  on  their  medium-sized 
"Bang"  missile,  had  covered  wisely  the  problem  of 
how  mucb  testing  to  provide  in  engineering  evaluation 
and  In  production  quality  control.  Their  Engineering 
Manager,  Dr.  Van  Brown,  when  faced  with  this  per¬ 
plexing  problem  of  missile  "round-level"  versus 
"section-level"  test  control,  with  all  the  possible 
"pros"  and  "cons"  made  a  wise  decision.  In  evalu¬ 
ating  the  budget  situation  faced  by  Ms  "Bang"  missile 
Project  Office ,  at  tbe  time  of  contract  negotiation 
budget  talks  with  the  customer,  Dr.  Brown  recom¬ 
mended  that  an  Engineering  Consultant,  witb  good 
missile  test  experience  be  located  and  Interviewed 
for  a  four-month  consulting  contract,  to  recommend 
the  best  contract  test  policies  for  this  particular 
missile  program. 

Fortunately,  too,  the  Engineering  Manager  met 
Dr  Ken  Smith,  formerly  with  several  aircraft  and 
missile  companies  In  responsible  positions,  and  most 
recently  affiliated  as  "Chief  of  Laboratories"  at  the 
"Belatr  Division"  of  the  Bolling  Company,  on  the 
"Killer"  aerial  torpedo  and  "terminal"  missile  pro¬ 
grams  for  several  U.S.  Government  services. 

Military  security  prohibits  comment  on  these  two 
uniquely  successful  weapon  programs,  except  to  say 
that  the  "Belalr  Division"  management  reflected  to 
the  "Hittle  Company"  President  J.  D,  Jones  and  to 
Its  customer  full  confidence  In  Dr.  K.  Smith  as  a 
competent  consultant  In  missile  test  policies  and 
program  analyses,  and  Added,  as  a  footnote,  that 
both  the  "Killer"  and  "Terminal"  weapon  programs 
owed  much  of  their  success,  to  Dr,  Smith's  forward- 
looking  policies ,  during  each  contract-uegotiation 
phase ,  in  bis  analyses  in  follow  up  contracts,  and 
test  programs  successfully  completed,  both  in  engi¬ 
neering  evaluation  aid  QAET  production  control. 

They  pointed  to  his  active  participation,  two-years 
previous  to  his  retirement,  in  the  "Penetrator" 
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weapon  program,  of  the  i  ort  Worth  Division  of 
MacDonald  Company,  in  the  test  programs  of  this 
vehicle,  now  gaining  so  much  national  publicity  on 
several  "War"  fronts. 

Dr.  K.  Smith  joined  the  Hittle  Company,  in  their 
prime  Red  River  Division,  Phoenix,  Arizona,  three 
years  ago,  as  consultant,  and,  in  his  six  month  stay 
with  them,  laid  the  foundation  of  a  test  program  in 
engineering  and  production,  which  has  been  followed 
closely  by  the  Hittle  Company  management  ever  since. 
Mr.  J.  Doe  Jones,  President  of  the  Red  River  Di¬ 
vision,  Hittle  Company,  in  a  recent  interview  given 
to  this  writer,  relative  to  the  phenomenal  reliability 
and  target  acquisltlon/kill  record,  stacked  up  in  the 
last  year  on  our  "Eastern  Front"  skirmishes,  stated 
-  "I  can  truthfully  say,  that  had  we  not  been  fortunate 
in  locating  a  consultant  with  Dr.  Smith's  missile  de¬ 
sign  and  test  background  lr.  1965,  and  had  the  Hittle 
Company  not  followed  fully  his  experienced  leadership 
in  the  "Bang"  Missile  policies,  especially  in  his  pro¬ 
posed  evaluation  and  production  control  test  programs 
from  1965  to  date,  I  doubt  seriously  whether  the 
"Bang"  missile  would  today  be  enjoying  such  success 
and  with  such  commendations  from  our  U.S.  contrac¬ 
tor". 

REVIEW  OF  DR.  K.  SMITH'S  TEST  PROGRAM  ON 
THE  HITTLE  COMPANY  "BANG"  M ISSUE 

Your  writer  followed  up  President  J.D.  Jones' 
statement  of  several  months  ago,  relative  to  the 
Hittle  Company  consultant's  prime  part  in  the  "Bang" 
missile  test  program,  by  an  interview  with  Dr.  K. 
Smith  in  his  Southern  California  home,  following  his 
recent  return  from  a  year  of  aircraft  consulting  in 
Japan. 

Lr.  K.  Smith,  in  reviewing  his  recommended 
test  policies  of  1965  on  the  "Hittle  Company"  "Bang" 
missile  program,  indicated  that  the  early  budget 
problems ,  in  the  engineering  and  experimental  phases 
of  "Bang"  made  adequate  testing  plans  appear  question¬ 
able.  However,  he  reviewed  the  desirability  of  run¬ 
ning  comprehensive  test  programs  on  the  "Bang" 
missile,  first  at  all  lower  indenture  test  levels,  then 
exhaustively  at  the  "section"  and  missile  round- 
levels",  both  in  engineering  evaluation  and  later  in 
production  quality  control,  with  the  Hittle  Company 
and  with  the  U.  S.  Government  contractor.  He  was 
provided  the  needed  extra  funds  to  promise  comple¬ 
tion.  Before  he  left  Hittle's  Red  River  Division  2  1/2 
years  ago,  President  Jones  and  the  contractor  had 
settled  on  a  budget  of  $730,000  for  all  E.E.T.  and 
D.E.T.  programs,  exclusive  of  the  specimen  costs, 
and  over  $1,432,000  for  all  production  type  tests, 
both  "section"  and  "missile  round"-levels.  Of  this 
production  figure,  over  $767,000  was  advanced  on  a 
two-year  instrumentation  program  in  which  the  Hittle 
Company's  "Bang"  test  equipment  section  was  to  de¬ 
sign  and  build  two  complete  sets  of  factory  "seetlon"- 


level  test  equipment.  These  "section"  testers  were 
developed  in  close  coordination  between  the  Hittle 
Company  and  General  Dynamics,  at  Pomona, 

California.  In  fact,  the  General  Dynamics  Pomona 
Division  QAET  section-level  tester,  here  after  dis¬ 
cussed,  is  very  similar  to  testers  used  at  Red  River, 
Phoenix,  Arizona  on  the  "Bang"  missile  sections. 

Dr.  K.  Smith  proved  very  helpful  to  this  writer 
with  facts  gathered  in  1966  on  missile  level  test 
policies.  The  advantages  and  disadvantages  to  "round" 
and  "section"  tests,  previously  listed,  were  from 
Dr.  Smith's  report  to  the  Hittle  Company.  He  had 
come  to  the  conclusion  that  both  "round"  and  "section" 
level  testing  was  necessary  in  production  on  the  "Bang" 
missile  to  maintain  their  production  rate  of  75  mis¬ 
siles  per  month.  Other  missile  designs,  differing 
widely  in  end-uses  and  parameters ,  might  not  need 
both  systems.  He  added  -  "If  a  given  system  is  de¬ 
signed  so  that  the  major  sub-system  interfaces  are 
also  functional  Interfaces;  in  particular  if  all  guidance 
"RF"  is  contained  in  a  single  subsystem  (section)  then 
system  level  testing  (round-level)  is  not  nearly  so 
Important.  If,  in  addition  to  the  above,  the  design 
carefully  considers  sub-system  (section)  testing;  l.e. , 
low  impedance  outputs,  etc.  -  then  the  system  (round- 
level)  test  can  theoretically  be  discarded.  Recogniz¬ 
ing,  however,  that  such  a  design  is  rather  "Utopian", 

I  feel  that  a  system  (overall  missile)  test  is  necessary 
at  least  to  demonstrate  that  plugs  have  been  properly 
connected". 

Dr.  Smith  then  added  -  "There  are  two  reasons 
why  I  use  the  word  "Utopian"  -  first,  It  is  virtually 
impossible  to  get  hardware  to  exactly  Implement  the 
desired  equations,  and  second,  it  Is  often  too  expen¬ 
sive  to  completely  define  system  requirements  and 
interfaces". 

REFLECTIONS  ON  DR.  K.  SMITH'S  OBSERVATIONS 

Obviously  the  "flight-of-fancy"  by  your  authors 
Into  "never-never"  land,  with  fictitious  characters 
and  places,  can  do  two  things  for  the  engineer;  -  one, 
talk  about  a  "dream-world"  where  experiences  axe 
received  "afresh,  "  pre-concelved  notions  and  out¬ 
moded  specifications  do  not  exist,  and  where  manage¬ 
ments  can  make  unlimited  decisions  -  unlimited  by 
budgets,  schedules,  etc.,  -  and  two,  a  positive, 
forward  looking  company,  like  the  "Hittle  Co. ,  "  of 
Phoenix,  Arizona,  under  the  able  guidance  of  President 
J.  D.  Jones  and  Consultant  Dr.  K.  Smith,  can  think 
"out-loud"  some  of  each  engineers'  dreams. 

Coming  back  to  earth  again,  the  reader  has  every 
right  to  ask  "so  what?"  to  the  pages  of  "pros"  and 
"cons"  gathered  from  Dr.  K.  Smith  on  missile  "round" 
versus  "section-level"  tests.  "When?, "  the  interested 
reader  might  add  -  "does  Pomona  Division  of  General 
Dynamics  recommend  -  and  why?"  General  Dynamics 
actually  uses  both  tests  at  Pomona,  to  differing 
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degrees  on  different  missiles  -  both  in  engineering 
and  production.  But  this  has  been,  primarily,  a 
decision  of  the  involved  project  office,  and  for  many 
reasons  not  capable  of  review  in  this  paper. 

The  point  to  be  emphasized  is  that  the  reader,  if 
faced  with  this  decision  on  his  program,  must  review 
all  facts  based  on  the  characteristics  of  his  specific 
missile,  its  flight  objectives,  method  of  launch,  storage 
provisions  prior  to  launch,  operational  area  cf  use  and 
Its  climatic  environments  a. id  many  other  parameters. 
He  can  then  select  "pros"  and  "cons"  similar  to  these 
above,  and  make  his  decision.  Or  he  can  employ  a 
consultant,  like  Dr.  K.  Smith,  to  prepare  facts  for 
him. 

The  very  fact  i.hat  circumstances  at  the  Hlttle 
Company  and  at  General  Dynamics,  Pomona  Division 
appeared  very  similar  on  their  respective  missiles, 
and  that  each  company,  quite  independently,  had 
surveyed  their  test  needs,  and  had  come  to  similar 
conclusions  -  to  perform  production  QAET  control 
using  automated  "go"  -  "no-go"  section-level  test 
equipment  with  test  results  recorded  on  magnetic  tape, 
made  it  desirable  for  the  writer  to  review  the  "QAET” 
test  program  with  Mr.  Herb  Holt?  Senior  Design 
Engineer  at  General  Dynamics,  at  Pomona,  California. 
He  has  been  responsible  for  much  of  the  "section 
level"  test  equipment  and  environmental  facilities 
assembled  along  a  200  ft.  stretch  of  production  area 
in  Building  #2,  Pomona.  With  Herb's  help  we  will 
saunter  along  this  unsecured  QAET  area,  and  look 
carefully  at  each  tester,  via  photographs,  of  one  of 
the  first  such  automated  test  lines  in  the  USA. 

SECTION  QAET  AT  GENERAL  DYNAMICS, 

POMONA.  CALIFORNIA 

The  basic  missile  "section-test"  set  will  be 
briefly  described  In  the  adjacent  photographs,  counter¬ 
parts  of  the  color  slides  to  be  used  in  the  short  pre¬ 
sentation  in  Anaheim. 

This  facility  Includes  a  specially-designed 
R.  F.  dark  room  accommodating  an  electro-magnetic 
shaker,  provisions  for  temperature  environments, 
and  the  neceosary  test  fixtures  for  testing  missile 
sections  over  the  extended  vibration  range. 

A  second  shaker  system  exists,  external  to  the 
darkroom,  which  Is  time-shared  with  the  darkroom 
shaker,  for  those  missile  sections  that  do  not  need 
the  R.F.  environment. 

The  station  and  equipment  is  completely  auto¬ 
mated  and  programmed  for  testing  missile  sections 
from  magnetic  tape,  except  that  the  temperature 
equipment  is  stabilized  at  the  condition  desired.  All 
measured  parametric  values  are  composed  and  re¬ 
corded  with  accepted  tolerance  limits  for  the  specific 
action.  "Accept”  -  "Reject"  of  specific  parameters 


are  noted  by  means  of  "green"  -  "red"  lights  and 
printed-out  for  additional  detailed  analysis  and 
reference. 

The  test  results  obtained  from  this  realistic 
vibration  environment,  In  the  Pomona  QA  laboratories, 
when  combined  with  a  combined  high/low  temperature, 
air-conditioning  servo  unit  and  environmental  chamber, 
will  be  discussed  as  permitted  by  Security  and  pro¬ 
prietary  limitations. 

Figure  1  takes  the  reader  into  the  QAET  area  of 
Building  #2.  Here  we  will  visit  new  environmental 
test  facilities  and  various  testers  of  several  sections 
of  a  possible  now  in  production.  ThiB  general  factory 
area,  located  alongside  a  wide  access  aisle,  shows  ^ 

the  "R.  F."  shielded  "dark  room"  to  the  right  rear, 
and  in  the  foreground  tho  high  and  low  temperature 
chamber  servicing  the  "RF"  darkroom  through 
elephant-trunk  flexible  ducting.  Environments  of 
-40T  to  +250*F  can  be  provided  at  inlet  to  the  "RF" 
dark  room.  A  4000  force-pound  vibration  head  is 
mounted  at  center  of  the  dark  room  as  will  be  seen 
later.  Figure  3  shows  some  of  the  operational  status 
wall-charts  used  in  the  "QAET"  area.  The  TE  5700 
charts  3hown,  carry  a  daily  status  of  each  test 
station  -  whether  it  is  "active, "  "in  calibration" 
cycle,  or  "in  repair."  Sections  for  test  are  delivered 
to  the  "QAET"  area  on  pallets,  shown  in  the  left  of 
Figure  3.  As  much  as  practical,  all  wiring  between 
teeters  and  to  plant  electric-power  sources  are  run 
overhead,  as  shown. 

Figure  4  gives  i  n  overall  view  of  the  QAET  area 
Ai  ti.g  the  main  aisle,  permitting  easy  access  and  rapid 
delivery  of  test  "sections, "  are  located  a  group  of  test  t 

facilities  and  special  testers,  designed  and  manu¬ 
factured  by  General  Dynamics,  at  Pon  onn,  California 
over  the  last  two  years  specifically  for  the  present 
missile  "section-level"  production  quality  control 
effort.  Shown  In  the  photograph,  on  the  right,  is  one 
of  two  4000#  Unholtz-Dickie  vibra  ion  facilities  used 
in  this  "QAET"  control  effort.  This  is  a  Model #506A 
shaker,  supported  on  a  base  common  with  an  oil-slide 
table  and  separated  from  the  cement  plant  floor  by  an 
"isolator/leveler"  built  by  the  Barry  Control  Company. 

In  center  foreground  is  the  "micro-wave  source"  which 
feeds  all  facilities  evaluating  the  "fuse-shroud”  and 
ordnance  sections.  Just  visible  on  the  left  foreground 
is  the  checkout  station,  at  ambient  conditioning  for  the 
test  section.  In  the  center  background  is  shown  the 
checkout  programming  equipment. 

Possibly  at  this  point  sketches  of  the  QA.  T 
station  ground-plan  might  be  helpful  in  orientaf'.ig 
test  equipment  and  to  indicate  what  thought  was  given 
by  Herb  Holt  and  the  QAET  testing  crew  to  advantageous 
positioning  of  all  testers  for  minimum  walking  during 
test  control,  maximum  overall  visibility  at  all  times, 
and  efficient  placement  to  provide  minimum  lengths 
of  cables,  "RF"  plumbing,  and  monitoring  leads  to 
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give  minimum  power  losses.  Figure  5  shows  a 
simplified  floor  plan  of  this  QAET  area. 

FIGURES  6,  7,  8. 

Several  secttonallzed  views  of  the  more  com¬ 
plicated  teeters  are  given  In  Figures  6  and  7.  Fig¬ 
ure  6  indicates  the  vibrator  supporting  a  "guidance" 
section,  with  nose-cone,  vertically  during  test,  so 
as  to  "bore-sight"  at  all  times  on  the  microwave 
horn  on  the  compartment  ceiling.  This  alignment 
must  be  maintained  withlr.  .1/10“  of  original  setup, 
even  during  vibra.iun.  Figure  7  3hows  the  method 
by  which  several  "fuse-shrouds"  may  be  "soaked"  in 
the  temperature  chamber  prior  to  retesting.  Fig¬ 
ure  8  shows  details  of  the  4000  lb.  Unholtz-Dickie 
shaker  (Model  506A)  on  its  seismic  mass. 

Figure  9  indicates  the  "Hi/Lo"  temperature 
environmental  test  chamber  (-luu*tc  ±  uuu*F),  with 
facilities  for  dehumidification  installec.  One 
"section"  may  oe  installed  for  "opera  .ion"  under  the 
temperature  environment,  or  six  "sections"  soaked 
simultaneously  during  "non-operating"  (as  in 
figure  7). 

Figure  Fj  shows  an  external  view  of  the  "R  ,'F 
dark  room"  with  one  malr  door  open,  showing  R/F 
absorptive  wedges  installed.  In  the  left  foreground 
Is  the  remote  air-conditioning  chamber,  with  ducts 
attached  to  the  manifold  enclosing  the  specimen. 

This  air-man. fold  Is  Insulated  dth  polyurathane 
foam.  Alter  the  specimen  has  stabilized  in  tempera¬ 
ture,  sitting  upright  on  the  400#  Unholtz-Dickie 
shaker  within  the  "RF"  darkroom,  the  external 
shrouding  enclosure  is  removed  for  all  "RF  tests. 

(See  Figure  6.) 

Figure  11  shows  this  same  "RF"  dark  room, 
from  the  operator/access  side,  with  the  nose  cone  of 
the  missile  guidance  section  protruding  through  the 
absorptive  wedges.  Note  the  complete  "RF"  shrouding 
within  the  chamber  upon  closure  of  the  front  doors. 
Below  the  removable  pyramid  insulation,  which  is 
glued  to  plywood,  can  be  seen  from  tne  shaker.  A 
portion  of  the  air-conditioning  air  manifold  Is  seen 
below  the  insulation  deck.  The  false  floor  can  be 
'amoved  in  portions  to  give  access  for  attaching  or 
servicing  the  missile  Jection. 

Figure  13  is  a  unique  low-angle  camera  shot 
to  show  the  guidance  section  in  position  on  the  shaker,- 
and  at  the  fame  time  to  see  the  "RF"  horns  in  the 
celling.  During  vibration,  the  "RF"  beam  input  from 
the  celling  horn  array  must  maintain  a  "boresight" 
angular  adjustment  within  very  close  limits.  This 
shaker  base  also  employs  a  Berry  air  servo  for 
automatic  leveling  and  vibration  Isolation.  Tight 
specifications,  given  the  Unholtz-  Dickie  Corporation 
at  time  of  purchase  of  this  4000#  shaker,  demanded 


that  during  vibration  the  "guidance  section"  be  bore- 
sighted  on  one  of  the  horns  within  1/10  degree.  This 
operating  feature  has  been  demonstrated  well  within 
specification  limits.  A  section  of  the  "RF"  floor  has 
been  removod  to  allow  the  reader  to  see  the  specimen. 
All  floor  sections  must  be  in  place  and  both  doors 
closed  tight,  to  obtain  maximum  "free-field"  absorption. 

Figure  13  illustrates  the  control  console  Model 
#MA-690  for  the  4000#  shakers,  operated  on  each 
shaker  sequentially.  Thus  good  program  planning 
is  necessary  on  test  specimens  occupying  the  two 
shakers,  to  permit  rapid  progress  of  QAET  specimens. 
This  console  controls  sinusoidal  vibration,  as  shown. 
However,  random  vibration  is  used  in  testing  some 
"sections,"  and  this  equipment  is  to  the  right,  just  out 
of  the  picture  (also  indicated  lr.  Figure  5).  The 
Unholtz-Dickie  vibration  system,  consisting  of  shaker 
and  console  Is  known  as  Model  #690A-40.  The  shaker 
In  the  "RF"  dark  room  accommodates  the  guidance 
nose-cone  section  shown  or  a  steel  vertical  pipe  fix¬ 
ture  on  which  the  TLM-dorsal  fin  is  attached.  All 
other  sections  are  tested  on  the  shaker  mentioned  in 
Figures  4  and  8  outside  the  dark  room.  The  vibration 
control  console  may  be  manually  operated.  All  vibra¬ 
tion  levels  are  pre-set,  prior  to  automatic  pro¬ 
gramming  Remote  pr  j^ramming  rati  be  tmde  <i  nine 
vibration,  sine  sweep,  and  random  tests  of  various 
distr'butlons.  Vibration  tests  are  incorporated  in  the 
missile  QAET  "section-level"  plan  which  pro-  .des 
automatic  test  programming  and  data  retrieval. 

Figure  14  shows  the  alternate  shaker  assembly 
or.  which  missile  sections  are  not  requiring  "RF"  inputs 
are  tested  in  the  vertical  position  as  shown,  and  in  the 
horizontal  position  by  gimbllng  th6  shaker  and  exciting 
the  section  on  an  oil-Bllde  table.  This  shaker  sus¬ 
pension  system  also  employs  the  Barry  air-servo 
leveler  for  isolation.  Both  sine  and  random  tests  are 
conducted  on  this  shaker  system. 

Figure  15  shows  the  tester  which  performs  func¬ 
tional  checkout  of  an  "autopilot/battery"  section  on  a 
modified  Scorsby  table,  under  ambient  conditions  only. 
Such  a  test  is  performed  before  and  after  subjecting  the 
"section"  specimen  to  other  environments. 

Figure  16  is  the  electronic  "heart" of  the  QAET 
test  facility.  This  8-1/2  bay  electronic  console  com¬ 
prises  the  "missile  section  test  set."  The  unit  is  a 
completely  automated  electronic  system  for  missile 
"section"  testing,  as  well  as  Incorporating  capabilities 
of  testing  a  complete  missile  assembly  ("round”).  It 
provides  all  required  missile  stlmulae  and  parameter 
monitoring  for  "RF"  dark  room  testing  of  specific 
sections  and  the  remaining  sections  external  to  the 
"RF"  dark  room.  This  unit  provides  automatic  test 
programming,  comparison  of  acceptable  test  tolerances 
or,  all  measured  parameters  and  Incorporates  three 
methods  of  data  retrieval;  punched  tape,  magnetic  tape 
and  typewriter  print-out. 
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Output  test  data  obtained  from  the  "section  test 
set"  of  Figure  IS  Includes  test  specimen  type,  serial 
number,  date,  time,  and  test  station  number.  Data 
retrieval  also  covers  such  items  as  Individual 
parameter  identification  number,  actual  parametric 
value  and  acceptance  status  ("Go"  -  "No-Go")  at 
test  termination,  this  unit  Indicates  an  "accept/ 
reject"  condition  of  test  specimen. 

Figure  17  shows  one  end  of  the  production  tem¬ 
perature  environmental  test  facility,  capable  of 
-50T  to  +180*F  imposed  on  an  entire  missile  "round, " 
to  both  'operating"  and  "ncn- ope  rating"  test  conditions. 

Figure  18  takes  a  side  view  of  this  same  chamber, 
showing  side  and  end  access  doors.  The  control  con¬ 
sole  and  programmer  is  seen  at  the  right,  where 
additional  monitoring  of  "section"  or  "missile" 
specimen's  critical  parameters  take  place  during  the 
temperature  environment.  It  will  be  noted  that  this 
chamber  is  serviced  through  the  full-opening  end 
door  by  a  monorail,  a  segment  of  which  swings  aside 
to  permit  the  door  to  close.  With  the  aid  of  this 
monorail,  better  shown  In  Figure  12  with  Its  tracking 
switch,  a  complete  all-up  missile  "round,  "  supported 
on  two  chain-hoists  can  be  pushed  into  the  tempera¬ 
ture  chamber.  This  box  will  accommodate  missiles 
up  to  20  feet  In  length,  with  tall  surfaces  in  place. 

QAET  CONTROL 

By  means  of  the  test  station  "operational  status" 
charts,  shown  in  Figure  3,  and  similar  "QAET" 
status  charts  posted  dally  for  Information  and  review, 
a  close  watch  is  maintained  on  all  of  th  i  five  "sections" 
built  and  assembled  locally  on  this  medium-sized 
missile.  Five  samples  each,  of  each  month's  pro¬ 
duction,  are  selected  at  random,  of  the  "steering 
control,  "  "fuse-shroud, "  "guidance,  "  "autopilot/ 
battery, "  and  "TLM/dorsal"  sections.  Each  section 
Is  then  subjected  to  a  similar  QAET  procedure,  as 
follows: 

1.  Five  "repeatability"  tests  (Initial  satisfactory 
performance)  (ISP). 

2.  Low  temperature  test 

a.  Non-operating  (storage  condition) 

b.  Operating  (service  and  flight) 

3.  Post-Lo-temperature  test  -  at  ambient. 

4.  High  temperature  tests 

a.  Non-operating  (storage  condition) 

b.  Operating  (service  and  flight) 

5.  Post  Hi-temperature  test  -  at  ambient. 

6.  Sinusoidal  or  random  vibration  -  (critical 
flight  condition) 

7.  Final  satisfactory  performance  tests  (F.S.  P.) 
-  ambient. 

In  the  QAET  vibration  phase,  the  random  vibra¬ 
tion  distribution  is  based  on  the  flight  requirements 
of  that  specific  section,  as  determined  from  previous 
flight  telemetered  test  results. 


With  one  QAET  "missile  section  test  set, "  with 
accessory  environmental  chambers  and  testers, 
indicated  In  Figures  2  to  18,  and  two  such  "MSTS" 
located  at  the  end  of  the  production  line  to  provide 
"shake,  rattles,  and  roll"  under  ambient  plant  condi¬ 
tions,  the  missile  production  Is  adequately  controlled. 

With  "lot-bonding"  nt  section-level,  and  section 
"sell-off"  to  the  customer,  maintained  on  a  monthly 
basis,  It  is  obvious  that  the  five  samples  of  each 
section  must  be  capable  of  test  completion  each  month. 

In  fact,  on  a  two-shift  QAET  operation  basis,  sched¬ 
uling  one  missile  section  through  the  test  sequences 
Indicated  above,  In  the  three  critical  en\  Ironments , 
takes  one  week  with  only  50  percent  utilization  of  the 
station.  In  practice,  however,  simultaneous  sched¬ 
uling  of  two  different  sections  through  the  station  is 
maintained  on  two  shifts,  making  possible  the  quality 
approval  of  five  sections  per  month,  with  approxi¬ 
mately  two  weeks  allowed  for  failure  diagnosis  (F.D.), 
corrective  action  (CA),  and  retests,  with  a  50  percent 
reserve  available  for  special  "screening"  tests.  The 
third  shift  Is  reserved  for  test  equipment  maintenance 
and  calibration. 

PRODUCTION  TESTING  AND  INTEGRITY  CONTROL 

To  this  point,  the  writer  has  described  the  QAET 
efforts  of  General  Dynamics  at  Pomona,  California 
primarily  at  "section'Mevel  testing.  However, 
another  equally  important  test  effort  goes  on  simul¬ 
taneously  with  Quality  Control,  and  that  Is  the  production 
testing  of  "sections,"  made  prior  tc  "sell-off"  to  the 
customer.  The  sections  are  then  mated  Into  missile 
"round"  level,  Indicating  the  Interchangeability  of 
"sections,"  and  again  tested  by  the  "MST"  or  "MRFT" 
route.  Appendices  I  and  II  are  Included  to  attempt 
to  differentiate  between  various  tests  by  definitions 
current  vogue  at  General  Dynamics  Pomona  Division. 

Now  moving  Into  the  production  test  areas,  which 
Is  physically  located  along  the  same  aisle  In  the  main 
production  building  In  Pomona,  adjacent  to  the  QAET 
area  fur  convenience,  we  come  upon  a  group  of 
"testers,  "  operating  at  factory  ambient  conditions. 

These  "shake-rattle  and  roll"  testers  are  primarily 
vibration  facilities  with  parameter  monitoring  stations 
Individually  adapted  for  each  missile  "section.  " 

Figure  19  gives  an  over  "in-station"  view  of  this 
"production  factory  missile  section  test  set.”  In  the 
foreground,  to  the  right,  are  mechanical-vibrator 
facilities,  for  "autopilot"  and  "steering  control" 

(tail)  sections,  and  behind  these  ctands,  is  the 
"autopilot"  section  "check-out"  station,  with  its  Scorsby 
table.  On  the  left,  in  thu  foreground,  is  seen  the  mech¬ 
anical  vibrator  on  which  the  "fuze"  and  "guidance"  sec¬ 
tions  can  be  shaken  to  identify  and  correct  minor  shop 
manufacturing  problems,  such  as  imperfect  soldered 
or  welded  joints,  loose  wires,  or  improper  assem¬ 
bly.  Servicing  all  these  stations,  is  the  central 
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"programmer-monitor,  "  In  right  background.  This 
test  station  is  identical  to  that  used  In  the  QAET  test 
area,  thereby  providing  compatibility  of  tests. 

Figure  20  gives  a  close  up  of  the  steering-coutrol 
section  on  Its  mechanical  shaker  on  right,  the  auto¬ 
pilot  section  on  Its  shaker  in  the  center,  and  another 
autopilot  section  in  ambient  checkout  on  the  Scorsby 
table  on  left.  The  two  mechanical  shakers  are 
Identical,  and  apply  a  5  G.  vibration  at  32  cps. 

Tuned  to  this  32  cps  resonance  is  a  "knocker"  visible 
under  base  to  which  each  section  Is  mounted.  At 
resonance,  this  "knocker"  provides  a  20  G.  shock 
pulse  on  specimen  base  measured  in  range  from  50  to 
3000  cps. 

It  will  be  noted  in  Figure  20,  that  the  tall  surfaces 
on  the  "steering-control"  section  on  right  are  simu¬ 
lated  by  four  "wheel-weights"  on  shafts.  This  was 
the  test  setup  used  approximately  six  months  ago. 
However,  on  careful  analysis  of  dynamic  characteris¬ 
tics  of  the  weights  it  became  evident  that  the  torsional 
compliance  of  this  simulation  did  not  resemble  the 
tall  surfaces.  Figure  21  shows  a  similar  vibration 
test  on  a  "steering-control"  section  using  the  actual 
four  wing  surfaces.  Here  Is  another  case  where 
realistic  environments  were  known  but  the  "ground 
test"  simulation  failed  to  duplicate  the  exact  conditions 
experienced  by  the  missile  In  dynamic  flight. 

Figure  22  shows  a  close-up  of  the  "knocker"  on 
the  autopilot  section  base,  by  which  20  G,  shocks 
are  generated  at  full-range  frequencies.  This 
"knocker"  Is  carefully  tuned  by  adjustment  of  the 
center  nut. 

Figure  23  shows  the  "guidance"  section  In  place, 
within  the  "RF"  dark  room,  on  another  mechanical 
shaker  Identical  to  those  described  above. 

QAET  CONTROL  OF  SMALL  MISSILE 

Figures  24  and  25  show  two  views  of  automatic 
test  equipment,  designed  and  built  by  General 
Dynamics,  at  Pomona,  California  to  QAET  control 
a  small  missile  In  production.  In  F.gure  24  center 
is  the  vibration  test  facility  which  ind  .ces  several 
motions  simultaneously  to  the  "guidance"  section  of 
a  small  missile.  This  missile  spin?  during  flight  to 
maintain  stability,  therefore  th!s  tester  also  causes 
the  "guidance"  section  to  spin  during  QAET  ambient 
checkout  The  table  top  performs  the  function  of  a 
"rate-table"  by  rotating  slowly  during  test.  A 
vibrator  is  built  Into  this  tester  to  Induce  random 
vibration  In  the  spinning  specimen.  All  operations  of 
this  test  table  are  induced  from  the  master  control 
panel  to  the  left  of  Figure  24.  It  is  Interesting  to 
note  In  this  vibration  test  facility,  emphasis  has  been 
placed  upon  realistic  environment  duplication  in 
this  QAET  grcxind  testing.  Without  disclosing  any 
classified  parameters  on  this  small  missile  during 


QAET  testing,  sufficient  it  is  to  say  that  this 
"combined-environment”  table,  can  impose  a  "fixed 
frequency"  vibration  of  20  G.  acceleration  at  20  cps 
at  an  angle  to  the  longitudinal  axis  of  the  "guidance 
package, "  and  simultaneously  there  is  applied  a 
"superimposed"  vibration  of  2-1/2  G.  rms  "random" 
acceleration,  from  50  to  1600  cps.  ("flat "  distribution). 
Thus  Pomona  Division  of  General  Dynamics  engineers 
attempted  to  realistically  duplicate  the  most  critical 
flight  environments.  Flight  results  from  hundreds  of 
firings  made  by  this  mlBsile  to  date  without  one  failure 
attributable  to  insufficient  vibration  QAET  testing, 
indicate  that  the  ground  tests  probably  duplicate  flight 
conditions  closely. 

In  Figure  25  are  shown  two  temperature  environ¬ 
ment  tables;  low  temperature  on  left,  and  high  tem¬ 
perature  in  center  of  photograph.  These  temperatures 
of  the  shrouded,  spinning  guidance  sections,  are 
closely  controlled  within  2'F.  All  missile  functions 
on  all  three  test  tables  are  recorded  on  the  master 
control  panel. 

CONCLUSIONS 

Generalized  evidence  of  the  most  beneficial  method 
of  quality  controlling  a  missile  In  production  Is  not 
possible,  since  the  decision  to  test  at  "section"  -level 
or  at  missile-  "round"  level  will  depend  upon  many 
factors.  Both  test  methods  must  be  used  to  seme 
extent  to  produce  maximum  dependability.  The 
advantages  and  disadvantages  of  both  "section"  and 
"round"  levels  have  been  presented  to  aid  the  reader 
in  accessing  his  particular  design,  both  In  experi¬ 
mental  engineering  and  production  phases. 

The  new  automatic  "Go"  -  "No-Go"  test  equip¬ 
ment  with  records,  developed  at  General  Dynamics, 
Pomona,  for  a  medium-size,  and  a  small-size  mis¬ 
sile,  has  been  described  In  detail  as  an  adequate 
method  of  controlling  "sections,  "  both  in  QAET  and 
production  tests 

Finally,  evidence  is  presented  that  General 
Dynamics  has  emphasized  realistic  environments,  In 
these  "section"  -level  tests,  especially  the  application 
of  realistic  random  vibration  to  the  specimens.  Only 
by  duplicating  in  ground  tests,  on  missile  sections, 
those  critical  environments  seen  by  the  missile  In 
service,  can  one  be  assured  that  missile  reliability 
exists  and  that  the  target  objective  can  be  attained. 
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Figure  1.  C 

orrelatlon  of  Test  Sequence  and  Functions  (Typical 

Deve  lopment/  P  rode  ot 

ion  Program  -  Weapon  System). 

Figure  4.  Operational  View  or  Section-Level  Teatera, 


"BARRY  CONTROL” 
INERTIAL  HASS  WITH 
AIR  SERYO 
ISOLATOR  LEVELER 


Figure  12.  Vibrated  Specimen  Focused 
on  "RF"  Array  Homs. 


Figure  11.  Front  View  of  Open  "RF1 
Darkroom  -  QAET. 


Figure  13.  Unholtz-Dlckle  Control 
Conflole  No.  MA-690  -  QAET. 


Figure  14.  Unholtz-Dlckle  Vibrator 
Model  No.  506A  -  Q4ET. 


Figure  16.  Mlaatle  Section  Teat  Set  -  QAET, 


Figure  15.  Autopilot  Section  Checkout 
on  Scoreby  Table  -  QAET. 


Figure  18.  Three-Quarter  View  of  Large 
Chamber  -  QAET. 


Figure  17.  Large  Production  Environ¬ 
mental  Chamber  -  QAET. 


Figure  19.  View  of  Production  Control  Teat  Area. 


Figure  20.  Mechanical  Vibration  of 
Production  Sections. 


Figure  21.  Recent  Vibration  Test  of  Steering 
Control  Section,  With  Tall  Fins. 


Figure  22.  Autopilot  Section  Being 
Mechanically  Shaken. 


Figure  23.  Production  Vibration  Test 
of  Guidance  Section  In  "RF"  Darkroom. 


Figure  24.  View  of  Small  Mlsalle  QAET 
Area  -  Vibration  Tester. 


Figure  25.  View  of  Small  Missile  QAET 
Area  -  Temperature  Testers. 


APPENDIX  I 

DEFINITIONS  OF  TESTS  CONTROLLING  MISSILE  INTEGRITY  AND  FUNCTION. 
ALPHABETICALLY  ARRANGED  -  (Represent  Several  U.S.  Government  Services) 


Designation 
Cat.  I  (AF) 

Cat.  R  (AF) 


Cat.  HI  (AF) 


GET 


EET 


LT 

MET 

MRFT 

MST 


Name  of  Test 


Definition 


Category  I  (Subsystem  Development  Test  and  evaluation  to  ensure  that  quality  of 
Test  and  Evaluation)  components,  subsystems,  or  systems  have 

not  been  degraded  by  development  methods 
and  processes. 


Category  n  (System  Operational  Testing  and  evaluation  of  the  Integrated  sys- 

Test  and  Evaluation)  tern  In  as  near  an  operational  configuration 

as  is  practicable.  Service  test  conducted 
under  approximate  operational  system  en¬ 
vironment  to  assure  that  the  system  meets 
specifications  for  operational  use.  Tests 
evaluate  capability  and  compatibility  of  sub¬ 
systems  tl.at  have  been  integrated  Into  a 
complete  system.  When  feasible,  actual 
test  operation  and  maintenance  should  be 
performed  by  trained  military  personnel. 


Category  III  (Demonstration  and  Service  conducted  tests  under  operational 

Shakedown  Operations)  environment  with  operating  personnel  and 

with  logistic  support  under  control  and  direc¬ 
tion  of  operating  command.  Tests  determine 
basic  weapon  system  capabilities  and  limi¬ 
tations. 


Design  Evaluation  Test  DET  Is  a  series  of  tests  performed  to  dem¬ 

onstrate  performance  of  production  hardware 
to  specification  requirements.  Procedures 
used  to  conduct  the  tests  are  approved  by  the 
customer.  In  addition,  the  customer  wit¬ 
nesses  the  tests.  Formal  reports,  approved 
by  the  customer,  document  results  of  these 
tests. 

Engineering  Evaluation  Test  EET  Is  a  series  of  tests  that  are  performed 

to  evaluate  breadboard  and/or  prototype 
hardware  reliability,  function,  and  perform¬ 
ance  to  specifications.  Engineering  design 
groups  prepare  the  procedures,  monitor  and 
direct  evaluation  of  data. 


Life  Test  Tests  performed  under  logistic  environments 

to  evaluate  operational  reliability  of  the 
weapon  system  during  a  specified  life  cycle. 

Manufacturing  Evaluation  Test  Special  Environmental  type  tests  to  provide 

Information  to  demonstrate  that  change  of 
manufacturing  technique  from  development 
to  production  has  not  affected  missile  design. 

Miseile  Round  Functional  Tests  Grouid  Tests  to  evaluate  response  of  a 

weapon  system  to  speckle  stimuli  for  "Go", 
"No-Go"  response  to  determine  operational 
readiness. 


Missile  Systems  Test 


Ground  test  operating  evaluation  to  deter¬ 
mine  performance  within  parameters. 


No. 

Designation 

Name  of  Teat 

Definition 

10 

PAT 

Production  Assurance  Test 

Tests  to  assure  reliability  of  the  production 
weapon  system,  to  ensure  through  random 
sampling  that  the  quality  of  the  system  has 
not  l:  .-en  degraded  in  mass  production,  and 
to  ensure  that  changes  to  the  system  have 
not  degraded  integrity  of  the  system. 

11 

PCT 

Periodic  Conformance  Tost 

Periodlo  tests  to  assure  compliance  with 
production  sample  test  requirements. 

12 

P-DET  (Navy) 

Preliminary  Design  Evaluation  Test 

Pre-DET  is  a  series  of  tests  performed  to 
evaluate  prototype  hardware  design  with 
respect  to  selected  design  evaluation  test 
requirements.  Pre-DET  also  provides  data 
for  parameter  structure,  proofing  the  test 
equipment,  and  establishes  validity  of  DET 
test  equipment.  Procedures  used  are  de¬ 
veloped  in  accordance  with  approved  speci¬ 
fication  requirements. 

IS 

PIT 

Production  Improvement  Test 

Tests  to  evaluate  durability,  operational 
capability,  and  maintainability  of  modified 
standard  items. 

14 

PPT 

Pre-Production  Test 

PPT  is  a  series  of  tests  that  are  conducted 
to  evaluate  compliance  of  subassemblies  and 
instruments  to  procurement  specifications. 
Successful  completion  of  these  tests  will 
provide  the  necessary  data  to  permit  ap¬ 
proval  for  production. 

15 

QAET 

Quality  Assurance  Environmental 

Test 

Tests  on  production  hardware  to  assure  that 
quality  is  maintained  and  not  degraded  below 
acceptable  limits  under  environments. 

16 

RST 

Round  System  Test 

Tests,  automatically  programmed  and  per¬ 
formed  In  triplicate  to  exercise  missile 
round  functional  performance.  Tests  are 
based  on  evaluations  of  specific  parametric 
values  rather  than  "Go-no  Go"  check  marks 
and  usually  are  performed  between  each  en- 
vironj  ental  exposure  and  during  test  opera¬ 
tional  environments. 

17 

ST 

Storage  Test 

ST  is  a  series  of  tests  performed  on  each 
Pre-DET  missile  that  demonstrate  capa¬ 
bility  of  functioning  within  design  require¬ 
ments  after  being  subjected  to  expected 
storage  environments.  There  tests  consist 
of  temperature,  shock,  and  vibration. 

16 

WT 

Vendor  Verification  Tests 

Special  environmental  type  tests  to  provide 
information  for  assessing  vendor  part 
qualification. 

19 

| 

WBGTP 

Weapon  System  Ground  Test 

Program 

Tests  to  evaluate  concepts  of  system  capa¬ 
bility  in  five  test  phases:  engineering,  pre¬ 
liminary  design,  pre-production,  storage, 
and  design  evaluation. 
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APPENDIX  n 

ADDITIONAL  DEFINITIONS  -  TESTS. 


PRACTICAL  WORKING  DEFINITION  FOR  PRODUC¬ 
TION  VIBRATION  TESTS. 

1.  Production  Testa. 

Teats  under  fixed-frequency  vibration,  In  auto¬ 
matic  "section-level"  test  facilities,  to  determine 
ambient  temperature  functional  teetlng  on  missile 
eectlona  and  "all-up"  rounds  and  designed  to  elimi¬ 
nate  problems  of  loose  wires ,  partially  soldered 
Joints,  poor  workmanship,  etc.  Environments  are 
not  necessarily  realistic,  and  do  not  duplicate  the 
engineering  "DET"  levels. 

2.  Q.A.E.T,,  (Quality  Assurance  Environmental 

Tests). 

Tests,  under  sequential  environments  ("Hi"- 
Temp. ,  "Lo"-Temp.  and  "Fixed"  or  "Random" 
vibration),  to  determine  at  section  or  "all-up" 
rounds  of  missiles,  the  degree  to  which  production 
units  meet  the  engineering  requirements  set  by  "DET" 
tests.  Environments  are  not  necessarily  realistic 
nor  maximum  design  levels  -  merely  arbitrary  levelB 
for  rtpeatitive  testing  and  comparison  of  resulting 
test  data  over  period  of  production  time. 


TYPICAL  TESTS  DEMANDED  FOR  SOME  SPACE 
VEHICLES. 

1,  Qualification  Teats. 

Qualification  tests  are  intended  to  verily  design 
adequacy  and  demonstrate  a  minimum  level  of  equip¬ 
ment  capability.  The  qualification  test  conditions  are 
generally  more  severe  than  those  encountered  during 
the  lifetime  of  the  equipment  to  provide  better  assur¬ 
ance  of  locating  faults,  thus  compensating  to  Borne 
extent  for  the  statistical  limitations  of  the  small 
sample  size.  Full  qualification  tests,  Including  ail 
applicable  environments,  shall  be  performed  at  thr 
subsystem  level  and/or  component  (black  box)  level. 
In  addition,  space  simulation  and  vibration  qua’ loca¬ 
tion  tests  shall  be  performed  at  the  satellite  s'’  im 
level  of  assembly  and  Bhaii  account  for  interf' 
connections  and  attachments.  All  qualification  testa 
must  te  completed  prior  to  the  first  flight.  Equip¬ 
ment  qualified  on  other  space  and  missile  programs 
will  be  accepted  where  usage  lnd’ cates  satisfactory 
operation  In  environments  more  score  than  the  en¬ 
vironments  to  be  encountered  in  ads  program,  Th 
contractor  Bhall  prepare  documentation  for  approval 
of  the  deviation  for  equipment  which  fall  Into  this 
category. 


2 .  Acceptance  Teats. 

Acceptance  tests  are  performed  on  each  deliver¬ 
able  component  and/or  subsystem,  including  spares, 
and  items  used  for  qualification  tests.  The  tests  are 
I  performed  to  Improve  equipment  quality  by  disclosing 
workmanship  defects  in  time  to  permit  corrections 
prior  to  end  use  of  the  equipment.  The  test  condi¬ 
tions  are  comparable  to  end  use  environments  and 
severe  enough  to  detect  early-life  failures,  but  not  so 
severe  as  to  cause  fatigue  or  wear-out.  The  minimum 
requirements  for  component  and  subsystem  acceptance 
tests  consist  of  vibration  and  temperature  or  tempera¬ 
ture-altitude,  If  applicable.  Additional  tests  shall  be 
performed  if  the  component  or  subsystem  Is  sensitive 
to  other  environments ,  or  If  workmanship  errors  are 
not  readily  detected  by  normal  inspection  methods. 
Acceptance  tests  at  the  satellite  system  level  of  as¬ 
sembly  may  consist  of  space  slmulat’jn  and  a  vibra¬ 
tion  test. 

3.  Reliability  Tests. 

Plans  shall  be  prepared  in  which  the  development, 
acceptance ,  and  qualification  test  programs  are  ex¬ 
panded  to  gain  additional  data  and  information  for  de¬ 
fining  the  capability  of  the  satellite  system.  Tests  to 
be  considered  are  "extended  time"  tests  and  "streBB 
limit"  tests.  "Extended  time"  teBts  consist  of  cycl¬ 
ing  the  components  or  subsystems  through  the  critical 
environments,  such  as  vibration,  temperature,  and 
vacuum ,  to  determine  the  safety  margins  of  the  equip¬ 
ment  with  respect  to  time.  "Stress  limit"  tests  con¬ 
sist  of  Increasing  the  qualification  test  levels  until 
failures  occur,  thereby  determining  the  margins  of 
safety  with  respect  to  stress.  The  test  procedures 
shall  be  based  cn  the  performance  requirements  of 
the  Individual  subsystems  and  components  and  the 
environmi  ntal  conditions  as  defined. 

4.  Age  Tests. 

All  operating  ground  equipment  shall  be  subjected 
to  functional  and  electromagnetic  interference  tests. 
Where  the  equipment  is  believed  sensitive  to  the 
ground  envlr;nments  defined,  these  tests  shall  also 
be  performed.  Tests  on  these  ground  environments 
would  be  performed  as  a  part  of  a  qualification  test. 

All  grou  .id  operating  equipment  shall  meet  the  re¬ 
quirements  of  MIL-STD-826,  "Interference  Test  Re¬ 
quirements  and  Test  Methods",  as  applicable. 

Ground  handling  equipment  tests  shall  consist  of  the 
necessary  structural  integrity  and  functional  tests  as 
well  as  structural  proof  tests  on  each  deliverable  item. 
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THE  REDUCTION  OF  THE  VIBRATION  LEVEL  OF  A 
CIRCULAR  SHAFT  MOVING  TRANSVERSELY  THROUGH  WATER 
AT  THE  CRITICAL  REYNOLD  S  NUMBER* 


by  Irvin  F.  Gerks 
HONEYWELL 
Seattle,  Washingtai 


Instrumented  tests  performed  on  a  slender,  circular  shaft  moving  trans¬ 
versely  through  water  at  speeds  up  to  8  feet  per  second  indicated  two 
vibrational  modes:  fore-and-aft,  and  lateral.  These  modes  occurred  at 
different  speeds  and  were  apparently  caused  by  different  exciting  phenom¬ 
ena.  A  hypothesis  was  formed  about  these  phenomena  and  a  corrective 
solution  was  then  derived.  Three  model  shafts  were  tested  and  one 
whose  design  embodied  the  solution  displayed  very  little  fore-and-aft 
vibration  throughout  the  entire  speed  range. 


INTRODUCTION 

A  project  was  undertaken  which  Involved 
towing  several  sonar  devices  about  15  feet  be¬ 
low  a  ship  traveling  at  speeds  up  to  8  feet  per 
second.  The  accuracy  of  their  alignment  and 
relative  positions  required  a  rigid  coupling  of 
the  devices  to  the  ship.  Retractable  circular 
pipes  were  Initially  planned,  with  short  wake- 
splitter  plates  on  the  trailing  element  of  the 
pipes  to  reduce  the  anticipated  vortex  shedding 
problem.  However,  because  extreme  vibra¬ 
tion  occurred  at  very  low  speeds  during  the 
first  tests,  further  tests  were  conducted  In 
which  the  lower  end  of  the  shaft  was  Instru¬ 
mented  with  accelerometers  In  the  fore-and- 
aft  and  lateral  directions.  During  the  next 
test,  the  Instrumentation  Indicated  that  the 
shaft  tip  motion  exceeded  the  specified  maxi¬ 
mum. 

The  recorded  data  showed  that,  although 
the  vibration  In  each  direction  was  coupled, 
the  magnitude  of  the  fore-and-aft  vibration  was 
greater  at  a  low  speed  (l.  e. ,  about  2  knots) 
than  that  of  the  lateral  vloratlon  (Fig.  1).  Con¬ 
versely,  at  higher  speeds  the  lateral  vibration 
was  greater  than  the  fore-and-aft  vibration, 
and  whereas  the  vibration  at  the  lower  speed 
had  been  periodic  this  higher- speed  vibration 
was  more  random  In  nature.  The  results  of 
our  Initial  Investigation  are  described  In  the 
following  paragraphs. 


*This  pap<:r  not  presented  at  Symposium. 


FORE-AND-AFT  VIBRATION  FREQUENCY 

The  fore-and-aft  vibration  frequency  was 
nearly  constant  over  the  speed  range  at  2. 5  Hz. 
This  was  approximately  one- half  the  resonance 
of  the  shaft  If  It  were  rigidly  mounted,  flooded 
with  water,  and  accelerating  an  equal  volume 
of  water.  Since  the  mounting  was  relatively 
flexible,  It  was  concluded  that  this  predominant 
frequency  was  the  fundamental  transverse  res¬ 
onance  of  the  shaft  and  Its  mounting  structure. 

SECONDARY  LATERAL  MOTION 

A  similar  response  of  lower  magnitude 
was  noticed  In  the  lateral  direction.  The  mo¬ 
tion  of  the  shaft  was  elliptical.  Although  vor¬ 
tex  shedding  may  have  caused  this  lateral 
motion,  the  large  fore-and-aft  motion  was  a 
necessary  condition  for  this  occurrence  and, 
therefore,  this  was  regarded  as  a  secondary 
effect  dependent  upon  the  same  exciting  phe¬ 
nomenon  as  the  fore-and-aft  vibration. 

MAXIMUM  VIBRATION  RESPONSE  AT  CRIT¬ 
ICAL  REYNOLD  S  NUMBER 

It  was  observed  that  the  mean  velocity  of 
the  shaft,  to  cause  the  maximum  fore-and-aft 
vibration,  corresponded  to  a  Reynold  s  num¬ 
ber  at  which  the  drag  coefficient  of  a  circular- 
shaft  became  discontinuous  (at  about  R-»2xl0j. 
The  flow  pattern  became  separated  above  this 
velocity.  Thus,  It  was  felt  that  this  phenom- 
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enon  resulted  In  the  fore-and-aft  excitation,  REAR  END  OF  THE  CYCLE 


VORTEX  SHEDDING  CONSIDERATIONS 

The  frequency  of  vibration  and  ship  speed 
were  considerably  out  of  agreement  with  the 
Strouhal  prediction  for  vortex  shedding  on  rigid 
circular  shafts.  Since  the  shaft  was  vibrating 
at  resonance,  the  regular  equation  could  not  be 
valid.  Vortex  shedding  will  tend  to  occur  at 
the  frequency  of  vibration  when  the  Reynold  s 
number  Is  above  that  for  flow  separation  on  a 
circular  shaft.  At  speeds  of  approximately 
8  feet  per  second  the  fore-and-aft  vibration  of 
about  2. 5  Hz  had  diminished  to  a  negligible 
level  while  In  the  lateral  direction  a  lower- 
frequency  vibration  of  about  0. 8  Hz  had  become 
significant.  This  was  thought  to  be  vortex 
shedding,  although  It  was  appearing  at  veloci¬ 
ties  where  separated  flow  occurred. 


The  fore-and-aft  vibration  was  felt  to  be 
more  significant  and  detrimental  to  the  ship 
and  shaft-mounting  structures.  Since  tt  did 
not  appear  that  vortex  shedding  was  the  prime 
cause  of  vibration,  no  attempt  was  made  to 
reduce  this  effect  even  though  the  Initial  shaft 
had  a  small  wake- splitter  plate  on  the  trailing 
element  of  the  shaft.  A  hypothesis  of  the  ex¬ 
citing  phenomenon  was  formed  to  find  a  satis¬ 
factory  shaft  design.  This  hypothesis  can  be 
demonstrated  by  the  sequence  of  events  during 
one  cycle  of  steady-state  vibration  (Fig.  2). 

FORWARD  END  OF  THE  CYCLE 

At  the  forward  end  of  the  cycle  the  ship  Is 
moving  near  the  velocity  at  which  the  critical 
Reynolds  number  occurs  for  flow  separation. 
The  Initial  conditions  are  that  the  shaft's  rela¬ 
tive  velocity  with  reBpect  to  the  ship  Is  zero 
while  Its  acceleration  Is  to  the  rear.  It  Is  at 
the  most  forward  point  of  Its  swing.  The  flow 
Is  attached  and  the  Reynolds  number  is  below 
the  critical  region.  The  elastic  force  acceler¬ 
ates  the  shaft  to  the  rear,  further  lowering  the 
total  velocity  of  the  shaft. 

MIDDLE  OF  THE  CYCLE 

As  the  shaft  swings  past  Its  normal  rest 
position  for  that  velocity,  the  total  velocity 
stays  below  that  at  which  the  critical  Reynolds 
number  occurs,  and  the  flow  remains  attached, 
resulting  in  a  large  drag  force  to  the  rear. 


The  shaft's  elastic-restoring  force  limits 
the  rearward  swing,  and  on  Its  return  swing 
the  velocity  of  the  ship  and  shaft  are  In  phase 
so  that  the  total  velocity  will  Increase  to  the 
point  where  the  Reynold  s  number  will  go  above 
the  critical  region.  The  flow  becomes  detached 
with  a  resultant  decrease  In  drag  force  which, 

In  turn,  results  In  a  larger  forward  swing  than 
would  normally  occur. 

If  the  change  In  magnitude  of  these  drag 
forces  Is  large  enough,  the  excitation  forces 
will  be  effectively  equal  to  the  damping  forces 
so  that  sustained  vibration  will  result.  It  was 
felt  that,  If  the  shape  of  the  shaft  could  be 
altered  so  that  Its  total  drag  coefficient  exper¬ 
ienced  a  less  abrupt  change,  the  total  drag 
force  on  the  shaft  should  never  become  lower 
on  the  forward  swing  than  on  the  rearward 
swing. 

The  conditions  for  this  are  as  follows: 


p  (drag  force,  ^ 
‘  f  moving  forward)  - 


_  (drag  force, 
r  moving  r  earwar d 
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x  A  xp 
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fCdrl 

I  1 

Fdfl 

Cjjj  -  Drag  coefficient  during  the  forward 
moving  swing  of  the  shaft  when  the  flow  Is  de¬ 
tached. 

Cdr  -  Drag  coefficient  during  the  rear¬ 
ward  moving  swing  of  the  shaft  when  the  flow 
Is  attached. 

V«  -  Velocity  of  the  shaft  with  respect  to 
the  water  during  the  forward  moving  portion 
of  the  cycle.  TTie  velocity  of  the  boat  and  the 
shaft  are  In  phase. 

Vr  -  Velocity  of  the  shaft  with  respect  to 
the  water  during  the  rearward  moving  portion 
of  the  cycle.  The  velocity  of  the  boat  and 
shaft  are  out  of  phase. 


218 


SHIP  VELOCITY  (FEET  PER  SECOND) 


Fig.  1.  Shaft  Motion  With  Respect  to  Velocity 


GOING  AFT  60ING  FORWARD 


Fig.  2,  Variation  in  Drag  Force  During  Vibration  Cycle 


A  -  Frontal  Area  of  the  shaft 

p  -  Mass  density  of  the  water 

A  variety  of  shapes  were  available  for  the 
existing  condition.  Although  a  streamlined 
cross- section  seemed  most  obvious,  coct  was 
a  factor  here,  In  addition  to  the  potential  prob¬ 
lem  of  a  flutter-type  resonance,  caused  by  the 
stalling  of  the  streamlined  shaft  as  It  twists 
about  Its  torsional  axis.  A  tapered,  circular 
shaft  would  have  a  continuously  changing  drag 
coefficient  along  the  shaft  so  that  the  total  drag 
coefficient  would  be  a  weighted  mean  of  the 
sectional  drag  coefficients.  Since  the  con¬ 
struction  of  such  a  tapered  shaft  was  considered 
too  expensive,  we  selected  a  shaft  consisting  of 
three  straight  sections.  The  section  diameters 
varied  over  a  5-to-l  range.  The  section  lengths 
were  originally  chosen  to  result  In  equal  drag, 
but  for  the  sake  of  appearance  the  below-water 
lengths  were  broken  Into  more  nearly  equal 
lengths.  The  final  shaft  configuration  Is  shown 
In  Fig.  3.  The  total  drag  coefficient  versus 
velocity  Is  shown  on  a  log-log  plot  In  Fig.  4. 

The  condition  of  a  limiting  slope  of  2  Is  com¬ 


piled  with,  but  because  the  shape  of  the  shaft 
differed  from  a  straight  shaft,  other  factors 
which  were  neglected  could  have  been  signifi¬ 
cant  here. 

This  shaft  was  built  and  tested,  along  with 
a  second  shaft  which  had  a  varying  gradient  of 
perforated  holes  near  the  lower  end  to  change 
the  flow  pattern  to  effect  results  similar  to  the 
stepped  shaft.  The  results  of  the  tests  on  the 
stepped  shaft  supported  the  hypothesis  of  the 
phenomenon  on  fore-and-aft  vibration.  The 
fore-and-aft  vibration  did  not  occur  at  the 
calculated  critical  velocity  and,  at  the  high  end 
of  the  speed  range,  a  lateral  vibration  of  rela¬ 
tively  low  magnitude  occurred.  The  largest 
deflection  of  the  stepped  shaft  was  about  an 
order  of  magnitude  less  than  the  largest  de¬ 
flection  of  the  straight  shaft.  The  perforated 
shaft  was  apparently  no  Improvement  over  the 
straight  shaft,  and  It  was  concluded  that  the 
number  and  size  of  the  perforations  were 
Insufficient.  Although  a  solution  was  obtained 
with  the  stepped  shaft,  the  complexities  were 
such  that  significant  factors  remain  unknown. 


COG 

DRAG 

COEFi  XIENT 


Fig.  4.  Drag  Coefficient  Versus  Velocity 
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ANALYSIS  AND  DESIGN  OF  RESONANT  FIXTURES 
TO  AMPLIFY  VIBRATOR  OUTPUT  * 


J.  VERGA 

Hazeltine  Corporation 
Little  Neck,  New  York 

The  analysis  and  design  of  resonant  fixtures  to  amplify  vibrator  output  is 
described.  When  the  acceleration  capacity  of  the  vibrator  head  output  is 
limited,  greater  acceleration  levels  are  obtainable  by  interposing  a  resonat¬ 
ing  member  (designed  not  to  fatigue)  between  the  driving  l  ead  of  the 
vibrator  and  the  test  specimen.  The  resonating  mer.ioer,  hereafter,  is 
referred  to  as  the  resonant  fixture. 

General  requirements,  design  concepts,  derivation  and  discussion  of 
equations  and  curves,  and  solution  of  a  typical  problem  are  described  and 
conclusions  presented. 


INTRODUCTION 

Basically,  three  requirements  are  necess¬ 
ary  of  the  resonant  fixture:  it  must  resonate 
at  a  particular  frequency,  it  must  not  fatigue; 
and  it  must  deliver  unidirectional  vibration  to 
the  test  specimen.  These  requirements  are 
detailed  below: 

1 .  The  resonant  fixture  must  resonate 
at  the  particular  frequency  band  where  high 
acceleration  testing  is  desired.  In  this  fre¬ 
quency  band,  the  resonant  fixture  will  serve 
as  a  mechanical  amplifier  to  produce  the 
desired  test  levels  from  the  limited  accelera¬ 
tion  of  the  vibrator.  This  is  in  contrast  to 
the  more  common  effort  in  vibration  fixturiza- 
tion  where  the  goal  is  to  obtain  a  resonant- 
free  fixture,  so  that  sinusoidal  vibration  may 
be  equally  transmitted  to  the  mounting  points 
of  the  equipment. 


a.  In  the  case  when  a  rigid  fixture 
is  used,  the  force  distribution  equation  is: 

5000  lbs  =  (95  +  5)  lbs  x  Gout 
and 

Gout  =  50  9 

b.  In  the  case  when  a  resonant  fix¬ 
ture  is  used  for  which  the  amplification,  Q,  is 
assumed  to  be  20,  the  force  distribution 
equation  is: 

5000  lbs  -  95  lbs  x  G.  +5  lbs  x  G  , 
in  out 

where  Gin  Is  the  G- level  input  to  the  resonant 
fixture  which  is  equal  to  the  level  exerted  by 
the  vibrator. 


Because  of  the  head  and  armature  weight, 
vibration  shakers  are  limited  (even  at  zero 
load)  to  the  maximum  G- level  which  they  can 
produce.  As  an  example,  if  a  test  specimen 
of  5  pounds  is  to  be  tested,  using  a  vibrator 
with  a  force  capacity  of  5,000  pounds  and  a 
total  weight  of  95  pounds  for  the  armature 
plus  driving  head  plus  the  rigid  supporting 
blocks  and  clamps,  the  maximum  G- level 
deliverable  Gou'_  to  the  test  specimen  would 
be: 

♦This  paper  not  presented  at  Symposium. 


and  solving  the  above  relationships, 

Gout  =  510  « 

By  use  of  the  resonant  fixture  then,  the 
specimen  can  be  driven  to  a  G- level  ten  times 
greater  than  without  the  resonant  fixture. 

2.  The  resonant  fixture  must  be 
designed  so  as  not  to  fatigue  when  vibrating  at 
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the  desired  levels.  The  fatigue  endurance 
limit,  therefore,  must  not  be  exceeded  for  the 
fixture  to  survive  Indefinitely. 

3.  The  resonant  fixture  must  deliver 
unidirectional  vibration  (as  received  from  the 
vibrator  to  the  test  specimen).  A  centrally 
loaded  beam,  equally  clamped  at  both  ends, 
would  satisfy  this  requirement.  The  vibration 
of  Its  load  located  at  the  center  would  be  at 
least  theoretically  confined  to  translation.  On 
the  other  hand,  a  cantilever  beam  would  not  be 
appropriate  because  Its  vertical  deflection  Is 
always  accompanied  by  a  rotational  mode . 
When  coupled  rotational  acceleration  is  not 
objectionable  however,  the  use  of  a  cantilever 
arrangement  may  be  desired  because  of  Its 
greater  flexibility  which  makes  possible  a 
more  practical  solution  at  low  frequencies. 

The  applicable  formulas  for  the  "cantilever 
beam"  resonant  fixture  are  also  Included  In 
table  A;  however,  this  paper  presents  the 
derivation  for  only  the  centrally  loaded  beam 
equally  clamped  at  both  ends. 

DESIGN  CONCEPT 


the  coefficients  lor  the  cantilever  beam 
arrangement. 

Three  conditions  are  considered:  the  pure 
simply  supported  beam,  the  fixed  end  beam, 
and  the  clamped  condition  used  In  the  labora¬ 
tory.  The  latter  uses  viscoelastic  fiberglass 
composites  as  movable  inserts  in  the  fixture 
clamp,  as  shown  In  figure  1.  Because  of  the 
relatively  soft  nature  of  these  Inserts,  the 
clamp  does  not  behave  as  a  pure  fixed  end 
beam.  Test  results,  under  ordinary  room 
conditions,  have  shown  that  the  natural  fre¬ 
quency  of  the  clamped  fixture  occurs  at  the 
average  value  between  the  calculated  values 
for  the  fixed  end  and  the  simply  supported 
beam.  In  other  words,  the  condition  can  be 
said  to  have  a  50%  fixity. 

Natural  Frequency 

For  a  beam  having  a  concentrated  load,  the 
general  equation  for  natural  frequency  In 
radians  per  second  may  be  expressed  as 
follows  for  the  fundamental  mode:  (See  nomen¬ 
clature  on  page  11). 


The  laboratory  setup  of  a  resonant  fixture 
employed  In  a  recent  application  at  Hazeltlne 
Is  shown  In  figure  1 .  For  convenience, 
especially  with  the  calculations,  the  resonant 
fixture  Is  confined  to  a  plate  which  Is  clamped 
at  both  ends,  and  thus  acts  as  a  beam.  The 
adaptor  for  mounting  the  test  specimen  Is 
located  at  the  center  of  the  beam. 


M„ 


rad/sec 


(1) 


Where  "k"  Is  the  spring  constant  of  the  beam 
at  the  load  location, 


El 

17 


(2) 


The  end  condition  preferred  is  a  simple 
support  to  produce  resonances  at  shorter 
spans,  thus  keeping  the  laboratory  setup 
small;  however,  a  clamped  end  support  Is 
more  practical  to  set  up  and  work  with. 

Spacer  Inserts  within  the  cl  ’.mp  can  be  shifted 
In  and  out  to  change  the  length  of  the  beam  and 
thus  control  the  natural  frequency.  In  the 
tests  :onducled  at  Hazeltlne,  the  movable 
clamp  Inserts  were  made  of  sheets  of  fiber¬ 
glass  and  viscoelastic  composites,  such  as 
used  by  Barry  Controls  for  damping  circuit 
boards. 


DERIVATION  AND  DISCUSSION  OF 
EQUATIONS  AND  CURVES 

Derivation  Is  limited  to  the  "centrally 
loaded  beam"  type  of  resonant  fixture.  The 
applicable  equations  and  coefficients  are 
tabulated  In  table  A.  Table  A  also  Includes 


and  Me  is  the  effective  mass  located  at  the 
same  point.  The  effective  mass  Is  expressed 
as  follows: 


Mg  =  M  +  a  m 
Me  =  We/g 

we  =  W  +  a  w 


(3a) 

(3b) 

(3c) 


The  beam  mass  or  weight  coefficient,  a,  Is 
the  ratio  of  the  effective  beam  weight,  located 
at  the  same  points  as  the  concentrated  load, 
divided  by  the  actual  weight  of  the  beam.  The 
general  equation  for  natural  frequency  In  a 
beam  with  uniformly  distributed  mass  and 
no  concentrated  load  Is 


rad/sec 


(4) 


222 


mm  LENGTH /  HIGHEST 


TABLE  A 


EQUATIONS  AND  COEFFICIENTS 


VALUES  OF  COEFFICIENTS 

SIMPLE 

FIXED 

LAB  SETUP 

REF. 

EQUATION 

COEFF 

SUPPORT 

ENDS 

50%  Fixity 

CANTILEVER 

NO. 

^ _ f 

(Col.  A) 

(Col.  B) 

(Col.  C) 

(Col.  D) 

n 

2 

77 

22 

Fundamental  mode 

3.52 

2 

k  =  k1  (EI/L3 ) 

W& 

48 

192 

3 

3b 

W  =  W  +  aw 
e 

■ 

.5 

.4 

.45,  Average  of  Col 
A  &  B 

.23 

6 

T  E  -It 

fn=Cn| (W  /b) (L/t)3 1 

c 

n 

6.25 

12.5 

9.38,  Average  of 

1.56 

L  e  J 

Col.  A  &  B  as 
found  from  test 
results. 

10 

K  =  S  /6 

inasr  max 

Ki 

6 

12 

1.5 

=  K^t/L2)  E 

12 

S^C  (t/L2 )  E  (G/f  2 )[!-  (1/Q 

)]  c 

58.5 

117 

88,  Average  of 

Col.  A  &  B 

14.4 

13b 

sr  =  cr<Vb)  <L/t2>G 

Cr 

1.51 

.75 

1 ,  Calculated  from 
average  value  of 

C  &Cn 

5.9 

The  weight  coefficient,  a,  can  be  found  by 
equating  equations  (1)  and  (4)  with  the  concen¬ 
trated  load  M,  set  to  zero,  as  follows: 

.  /  k  _  a  .  /El  (5) 

y  M  +  am  al 

Substituting  the  values  of  "ai"  and  "k" 
from  table  A,  it  is  found  that  a  is  0.5  for  a 
simply  supported  beam  and  0 . 4  for  a  fixed- 
end  beam.  Henceforth,  the  location  of  the 
load  will  be  assumed  in  the  center.  Since  the 
test  setup  used  in  the  laboratory  has  demon¬ 
strated  an  average  effect  between  the  simple 
and  fixed  support,  a  =  0.45  is  assigned  to  the 
fixture.  This  average  factor  can  then  be 
assumed  for  this  discussion.  It  must  be 
noted  that  because  of  the  factor  «  ,  and  the 
relatively  heavy  concentrated  load,  the 
effective  mass  contributed  by  the  beam  or 
fixture  plate  is  usually  found  to  be  negligible. 
When  such  is  the  case,  the  effective  mass  can 
be  considered  to  be  independent  of  the  length 
and  thickness  of  the  fixture  plate. 


Substituting  the  values  of  k  from  table  A 
and  the  area  moment  of  inertia  in  terms  of 
plate  thickness  (t)  into  equation  (1),  and 
changing  from  radians  to  cycles,  the  natural 
frequency  is: 


E _  1 2  '  ' 

fn  =  Cn[{We/b)  (L/t)3J  cps 

This  equation,  normalized  for  the 
material's  flexure  modulus,  E,  so  that  it  can 
be  used  for  all  materials,  is  plotted  in  figure 
2  for  a  family  of  curves  of  different  effective 
weight  (We/b  =  0.0375  through  0.600  lb/in). 
The  ordinate  is  the  "normalized  natural  fre¬ 
quency"  which  is  defined  as  the  resonant 
frequency  divided  by  the  square  root  of  the 
flexure  modulus,  in  units  of  cycles  per  second 
divided  by  the  square  root  of  pounds  per 
square  inches.  The  abscissa  is  the  con¬ 
figuration  ratio,  length  to  thickness  (L/t), 
which  is  dimensionless. 


Figure  2.  Normalized  Natural  Frequency  Versus  Length-to-Thickness  Ratio 
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From  this  curve,  one  can  lind  the  ratio  of 
L/t  which  is  required  to  produce  a  desired 
natural  frequency  for  any  given  effective 
weight  per  unit  width  and  any  given  material 
whose  flexure  modulus  is  known. 

Internal  Stress  in  a  Resonating  Fixture 

To  produce  a  level  of  acceleration  at  a 
given  frequency  of  sinusoidal  vibration,  the 
required  amplitude  may  be  expressed  as 

A  =  9.8  %  (7) 

f 

In  the  resonant  fixture,  the  maximum 
amplitude  occurs  at  the  center  of  the  fixture 
span  where  the  test  specimen  is  mounted. 
Then,  the  maximum  deflection  in  the  fixture 
is  the  difference  between  the  amplitude  at  the 
center  and  the  amplitude  at  the  support,  or 


lent  to  saying  "for  a  given  deflection  ampli¬ 
tude,"  the  stress  increases  with  increasing 
stiffness  parameters,  E(t/’Ir). 

The  frequency  may  be  any  frequency  as  long 
as  the  amplification,  Q,  is  known  for  the 
conditions.  The  factor,  1  -'(1/Q)  is  known 
as  the  resonance  factor. 

When  the  amplification  is  unity,  the  stress 
resonance  factor  is  zero,  obviously  because 
the  beam  is  moving  in  unison;  it  is  not  deflect¬ 
ing  and,  therefore,  it  is  not  stressed  regard¬ 
less  of  the  G-level.  On  the  other  hand,  as  the 
amplification  approaches  infinity  (a  condition 
which  tends  to  occur  at  the  resonant 
frequency),  the  stress  resonance  factor 
approaches  unity.  It  is  generally  acknow¬ 
ledged  that  the  worst  case  for  fatigue  occurs 
when  an  object  vibrates  at  its  resonant 
frequency. 


The  amplification  of  the  fixture  is  defined  as 

(9a) 

0  -  VAs 

Therefore,  substituting  (9a)  into  (8), 


To  30lve  for  the  maximum  stress  at  the 
resonant  condition,  the  equation  (b)  is 
substituted  into  equation  (12).  The  result  is 

Sr  =  cr  (We/b)  <L/t2>GQ-  "  U/Q)J  (13a) 

When  tuned  at  resonance,  the  resonance 
factor  approaches  unity,  therefore 


Ac 


Cr  (We/b) (L/t“)G 


The  maximum  flexure  stress  in  a  beam  can 
be  expressed  in  the  form 


where  K  is  the  beam  stress  constant  which  is 
dependent  on  the  cross  section  parameters  and 
Independent  of  input  conditions.  The  value  for 
K,  which  can  be  found  in  any  elementary  text 
book  on  strength  of  materials,  is 


Ki  E  h 

it 


Substituting  (7),  (9b)  and  (11)  into  (10), 
smax  "  CE(t/L2) (G/f2)jl  -  <1/Q)J  *12) 


This  is  the  maximum  internal  stress  in  the 
fixture  plate  when  vibrating  at  its  resonant 
frequency.  This  equation  is  only  valid  for 
the  resonant  condition.  If  the  stress  in  the 
resonant  fixture  must  not  exceed  the  fatigue 
limit,  the  condition  which  must  be  satisfied  is 

Sr  =  Cr  (We/b)  (L/t2)G  Sf  (13c) 

It  should  be  noted  that  equation  (13)  is 
independent  of  the  material  modulus  of  flex¬ 
ure,  It  depends  only  on  the  weight,  the 
geometry,  and  the  acceleration  levels. 
However,  it  must  be  emphasized  that  this 
equation  is  only  valid  for  the  resonant 
condition;  also,  although  the  flexure  modulus 
is  not  a  variable,  it  plays  its  role  in  the 
determination  of  resonance. 


where  "G"  represents  the  acceleration  at  the 
center  of  the  fixture  being  delivered  to  the 
test  specimen. 

This  equation  states  that  for  a  given 
acceleration  and  frequency,  which  is  equiva- 


A  plot  of  equation  (13b)  is  given  in  figures 
3,4,  and  5.  The  ordinate  is  the  reson?' 
stress  (psi)  per  unit  G,  ranging  from  zero  to 
500.  The  abscissa  is  the  fixture  plate  thick¬ 
ness  ranging  from  0.020  to  0.22  inch.  In 
figure  3,  the  curves  are  for  a  constant  length 
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THICKNESS- INCHES 


Figure  3.  Stress  Per  Unit  G  Versus  Thickness  for  the  Resonant  Fixture 
With  a  Span  Length  of  6  in. 
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RESONANT  STRESS  PER  UNIT  G 


Figure  5.  Resonant  Stress  Per  Unit  G  Versus  Thickness  for  the  Resonant  Fixture 
With  a  Constant  Weight  Per  Unit  Width  of  0. 150  Ib/in.  and 
Various  Length-to-Thickness  Ratios 


(L  =  6)  and  effective  weight  per  unit  width, 
We/b,  of  0.0375,  0.075,  0.150,  0.300  and 
0.600  lb/in.  In  figure  4,  the  curves  are  for  a 
constant  We/b  =  0.150  and  lengths  of  4,  6,  8, 
10,  12,  and  18  inches.  In  figure  5,  the  curves 
are  for  a  constant  We/b  =  0.150  and  for  length 
to  thickness  ratios  of  L/t  =  20,  40,  60,  80, 

100  and  120. 

The  curves  given  are  for  the  centrally  loaded 
beam  equally  supported  at  both  ends.  The 
curves  for  the  cantilever  follow  the  same 
trend  but  are,  of  course,  displaced  in  accord¬ 
ance  with  the  respective  equation  coefficient. 

TYPICAL  DESIGN  PROBLEM 

Problem 

Design  a  fixture  plate  which  can  vibrate  a 
test  specimen  in  each  of  three  mutually 
perpendicular  directions  at  150  cps  and  180 
g’s  and  also  at  85  cps  and  100  g's.  A  fixture 
with  a  variable  length  between  4  and  8  inches 
can  be  adapted  to  the  head  of  the  vibrator. 
Either  fiberglass,  steel,  or  aluminum  may  be 
used.  The  weight  of  the  test  specimen  plus 
the  weight  of  the  mounting  adaptor  is  such 
that  the  effective  weight  per  unit  width  is 
We/b  =  0.150  lb/in. 

Solution 

1 .  All  the  pertinent  values  for  this 
solution  are  listed  in  table  B.  These  values 
are  found  by  following  the  technique  outlined 
below: 

(a)  The  flexure  modulus  and 
fatigue  endurance  limit  is  given  for  each 
material.  These  are  listed  in  Rows  1  and  2, 
respectively. 

(b)  When  the  figure  is  delivering 
180  g’s  at  Us  resonant  frequency,  the  internal 
stress  in  the  fixture  must  not  exceed  the 
endurance  limit.  The  endurance  limit  stress 
per  unit  g  is  found  by  dividing  bv  180  g's. 

This  is  listed  in  Row  3  and  is  marked  in 
figure  5  for  each  material.  The  points  below 
this  stress  line  apply  to  ftxtures  which  when 
delivering  180  g’s  at  150  cps  would  be 
stressed  below  the  endurance  limit. 

(c)  In  figure  2,  draw  horizontal 
lines  for  the  normalized  resonant  frequency  of 


150  cps  for  each  material  (listed  in  Row  5). 

At  the  inter  section  of  this  line  with  the  curve 
for  We/b  =  .150,  the  length  to  thickness 
ratio  is  found  from  the  abscissa  and  listed  in 
Row  6. 

(d)  For  each  material  (Row  3),  the 
limit  stress  per  unit  has  been  indicated  in 
figure  5.  By  interpolating  in  figure  5  the 
required  ratio  of  length  to  thickness  for 
each  material  as  listed  in  Row  6,  the 
corresponding  minimum  thickness  is  found 
from  the  abscissa  in  figure  5  and  listed  in 
Row  7. 

(e)  Each  minimum  thickness  has  its 
corresponding  minimum  length  which  satis¬ 
fies  the  required  ratio  of  L/t.  The  minimum 
length  is  listed  in  Row  8. 

The  maximum  thickness  is  that  which  satis¬ 
fies  the  required  ratio  of  L/t  for  the 
maximum  length  of  8  inches  allowable  in  the 
machine  set  up.  This  maximum  thickness  is 
listed  in  Row  9. 

2.  In  considering  the  condition  of  85 
cps  and  100  g’s,  the  same  curves  and 
techniques  as  above  are  used.  The  respective 
numbers  are  also  listed  in  table  B,  Rows  10 
through  15. 

3 .  The  results  show  that  the  design 
which  satisfies  all  the  conditions  of  the  pro¬ 
blem  is  a  fixture  made  of  fiberglass,  0. 120 
inch  thick.  When  the  length  is  adjusted  to 
5.28,  it  will  resonate  at  150  cps.  When  the 
length  is  adjusted  to  7 . 2 ,  it  will  resonate  at 
85  cps. 

Aluminum  and  steel  can  satisfy  the  150  cps 
resonant  conditions  at  a  length  of  5.7  and  6 
inches  and  a  thickness  of  0.095  and  0.068, 
respectively.  However,  to  obtain  resonance 
at  85  cps,  they  must  be  of  a  length  in  excess 
of  8  inches. 

Of  course,  all  these  conditions  do  satisfy 
the  stress  requirement  -  not  exceeding  the 
fatigue  endurance  limit.  In  fact,  the  0.120 
thick  fiberglass  fixture  is  understressed  at 
85  cps  and  100  g's.  By  proportionality,  it 
can  be  seen  from  figure  5  that  at  85  cps  the 
acceleration  can  be  raised  to  147  g's  before 
the  fiberglass  fixture  starts  exceeding  its 
endurance  limit  of  11,000  psi. 
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TABLE  B 


NUMERIC  VALUES  OF  TYPICAL  DESIGN  FOR  A  RESONANT  FIXTURE 


ROW 

EPOXY  RESIN 
FIBERGLASS 

ALUM. 

AL 

STEEL 

AL 

REMARKS 

1 

Flexure  modules,  E,  psi  x  10 

3.2 

10 

30 

Given 

2 

3 

Endurance  limit,  Sf,  psi  x  10 

11 

16 

35 

Given 

3 

Sf/G  =  Sf/180  g 

61 

89 

194 

Place  in  Fig.  5 

4 

vJe"  \fpsTx  io3 

1.7 

3.3 

5.48 

Given 

5 

fr/  <]¥  =  (150/  vf¥  x  10"3 

84 

54 

27.3 

Place  in  Fig.  2 

6 

L/t  for  We/b=  .  150,  fr  =  150  cps 

44 

60 

88 

From  Fig.  2 

7 

Minimum  thickness,  inches 

0.120 

.095 

.068 

From  Fig.  5 

8 

Minimum  length,  inches 

5.28 

5.7 

6.0 

To  satisfy  L/t 

9 

Maximum  thickness  (L  =  8  in) 

0.182 

0.133 

0.092 

To  satisfy  L/t 

10 

Sf/100  g 

110 

150 

350 

Place  in  Fig.  5 

11 

85/  >J¥x  10‘3 

54 

27.3 

15.6 

Place  in  Fig.  2 

12 

L/t  for  85  cps,  We/b  *  .150 

60 

88 

133 

From  Fig.  2 

13 

Minimum  thickness 

.120 

.095 

.068 

From  above 

14 

Length  for  minimum  thickness 

7.2 

„  4. 

OO 

CO 

9 

To  satisfy  L/t 

15 

Maximum  G's  at  85  cps 

147 

L>8+ 

L>8* 

From  Fig.  5 

CONCLUSIONS 

Ideally,  a  resonant  fixture  can  be  designed 
(in  terms  of  length,  width,  thickness,  and 
material)  to  substantially  amplify  the  vibra¬ 
tor's  limited  acceleration  output  at  any 
desired  frequency  band.  The  design  must 
solve  equation  (6)  to  obtain  the  resonant 
frequency  desired,  and  must  satisfy  equation 
(13a)  to  obtain  the  stress  limitation  desired. 
Reference  to  the  curves  of  the  same  equations 
can  be  helpful  in  selecting  the  design  para¬ 
meters  of  length,  thickness,  and  material  for 
a  given  test  requirement. 
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NOMENCLATURE 

A  -  Displacement  amplitude  of  vibration 
b  -  Width  of  fixture  beam,  inch 
c  -  Distance  from  beam  neutral  axis  to 
outermost  fiber,  inches 
E  -  Flexure  modulus,  psi 
G  -  Acceleration,  g  - 

g  -  Acceleration  of  gravity  =  386  in.  per  sec. 
f  -  Frequency,  cps  or  radians  per  sec. 

I  -  Area  moment  of  inertia,  in^ 

K-  Beam  stress  constant,  psi  per  inch 
k  -  Beam  spring  constant,  lbs  per  inch 


*  Condition  disqualified  because  length  exceeds  8-inch  limit. 


231 


V 


L  -  Beam  length,  inch 
M  -  Mass  of  concentrated  load,  lb  sec2  per 
inch 

m  -  Beam  mass,  lb  sec4  per  inch 
Q  -  Amplification  factor  at  any  frequency 

5  -  Stress,  psi 

t  -  Thickness  of  fixture  plate,  inch 
W  -  Weight  of  concentrated  load,  lb 
w  -  Weight  of  fixture  beam,  lb 

6  -  Deflection,  inch 

Subscripts 

e  -  effective 
n  -  natural  frequency 
r  -  resonance 
f  -  fatigue 

c  -  located  at  the  center  of  the  beam 
s  -  located  at  the  support  of  the  beam 

Coefficients 

aj  -  Beam  natural  frequency  constant  - 
fundamental  mode 

a  -  Coefficient  which  converts  actual  mass 
of  beam  to  the  effective  maos  located  at 
midspan 


C  -  Coefficient  for  maximum  stress  at  any 
given  frequency 

Cn  -  Coefficient  for  natural  frequency 

Cr  -  Coefficient  for  maximum  stress  at 
resonance 

ki  -  Coefficient  for  the  beam  spring  constant 

Kj  -  Coefficient  for  beam  stress  constant 
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